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Scanner/Kriterium  Leica P40 Faro Fokus3D x330 Riegl VZ‐400i  Z+F IMAGER 5016
Messverfahren  Impuls (TOF) Phase Impuls Phase
Full waveform digitisation ja  nein ja nein 
Gesichtsfeld [°]  360 x 290 360 x 300 360 x 100 360 x 320
Scandistanz [m]  0,4‐270  0,6‐330 0,5‐800 0,3‐365
Scangeschwindig. [pts/s] 1.000.000 976.000 500.000 1.094.000
Winkelauflösung H/V [°]  8''/8''  0,009/0,009 0,0005/0,0007  0,00018/0,00026
Wellenlänge [nm]  1550/658 1550 Nahes IR keine Angabe
3D Punktgenauigkeit   3mm@50m keine Angabe keine Angabe  keine Angabe
Distanzgenauigkeit [mm] 1,2+10ppm 2mm/25m 5 /100m keine Angabe
Kamera   integriert HDR integriert HDR Aufsatz integriert HDR
Gewicht [kg]  12,25  5,2 9,7 7,5 
Neigungssensor  2‐Achs‐Komp. 2‐Achs‐Komp. ja Dynam. Komp.




















































































































Leica ScanStation 1  03/2007  147  38  703  ‐9,2  2,3  11,5  A 
Trimble GX  03/2007  147  38  703  ‐27,6  16,0  43,6  A 
Z+F IMAGER 5006  03/2007  147  38  703  ‐6,6  7,4  14,0  A 
Faro LS 880 HE  03/2007  147  38  703  ‐30,7  41,1  71,8  A 
Leica ScanStation 1  10/2007  199  29  351  ‐5,4  6,5  11,9  B 
Leica ScanStation 2  10/2007  199  29  351  ‐5,4  6,5  11,9  B 
Leica HDS6000  10/2007  199  30  406  ‐6,7  6,3  13,0  B 
Z+F IMAGER 5006  10/2007  199  30  406  ‐5,7  7,7  13,4  B 
Trimble FX 6dpi  12/2007  199  30  465  ‐23,0  7,8  30,8  C 
Trimble FX 6dpi  12/2007  199  29  434  ‐24,0  9,6  33,6  C 
Faro Photon 80  12/2007  199  30  465  ‐5,2  9,8  15,0  C 
Z+F IMAGER 5006  12/2007  199  30  465  ‐5,8  10,3  16,1  C 
Riegl VZ‐400  06/2010  199  28  378  ‐11,1  4,4  15,5  D 
Riegl VZ‐400  06/2010  Target  27  351  ‐3,5  4,8  8,3  D 
Z+F IMAGER 5006i  06/2010  199  28  378  ‐3,3  5,4  8,7  D 
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Virtual Reality Model of the Northern Sluice 
of the Ancient Dam in Marib/Yemen 
by Combination of Digital Photogrammetry and
Terrestrial Laser Scanning for Archaeological
Applications
Thomas P. Kersten
In this paper the potential of digital photogrammetry
and terrestrial laser scanning in combination is
demonstrated in the recording and 3D CAD
construction of the northern sluice of the ancient
dam in Marib/Yemen, which is located approx.
150 kilometre east of the capital city Sana’a, close to
the inner Arabic desert. The Yemeni government
proposed for initiation of the building into the list of
the UNESCO world cultural heritage. This described
project work is a co-operation between the
Commission for Archaeology of Non-European
Cultures (KAAK) Bonn of the German Archaeological
Institute (DAI) and the department Geomatics of the
HafenCity University Hamburg. The object recording
was carried out in January 2006 with the digital SLR
camera Fujifilm FinePix S2 pro and the terrestrial laser
scanner Trimble GS100 during the archaeological
excavations. The northern sluice was reconstructed
and visualized as a computer-based 3D CAD model
for archaeological investigations (as-built-
documentation of the excavations) and for future
tourism advertising and publication purposes.
1. Introduction
Yemen offers extensive archaeological potential, but many important
archaeological sites are still unexplored to a large extent, as for example
those of the antique Sabaean capitol city Marib. In the context of the main
research field “antique water management” the remains of the antique dam
of Marib have been comprehensively excavated, analysed and restored by
the German Archaeological Institute since 2002 ([1], [2]) despite recent
political events such as a kidnapping in December 2005. The project is
financed by the German Federal Ministry for Economic Cooperation 
and Development and the Deutsche Gesellschaft für Technische
Zusammenarbeit (GTZ) GmbH.The organisation of the project is
performed by the Commission for Archaeology of Non-European 
Cultures (KAAK) Bonn of the German Archaeological Institute (DAI).
The three-dimensional data acquisition and digital construction of 
a potential world cultural heritage site needs complex data volumes, since
complete geometry as well as surface characteristics of the recording
objects are specifically required, in order to be able to generate as 
realistic as possible a virtual model.Therefore, a combination of digital
photogrammetry and laser scanning was used for the recording of the
northern sluice (Figure 1), in order to use the specific advantages of 
each respective recording system and to be able to judge the 
effectiveness of the evaluation procedures in cultural heritage 
applications.As a result of the recording a three-dimensional visualized
and/or animated model of the northern sluice is available, which 
additionally can be offered as the base for a subsequent 3D 
geo-information system (GIS). How one can use a three-dimensional,
visualized model as an optimal base for a 3D GIS was realized for the
Geoglyphs of Nasca Palpa in Peru, which were  mapped by
photogrammetric methods and represented afterwards in 
a 3D GIS [3].
Photogrammetry and laser scanning are important instruments 
for the documentation of cultural monuments.The required precision 
from the archaeology is about ±10cm for object points, since 
archaeology is mainly focussed on interpretation and visualization 
of historic buildings. Combined photogrammetric and laser scanning 
data processing was already accomplished at HafenCity University for 
the project West Tower ensemble in Duderstadt (Lower Saxony, Germany)
with the program PHIDIAS [4]. Due to the combined graphic display 
of digital, orientated images and geo-referenced 3D point clouds of 
a laser scanner the data processing using PHIDIAS has proven to be 
very efficient.As an example for another cultural heritage application 
the voluminous geometrical documentation and visualization of the 
temple ruin Athribis of the lion goddess Repit in northern Egypt is
summarized in [5].
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b Figure 1: Overview image of the
northern and southern sluice of 
the ancient dam in Marib/Yemen.
(Photo: Google Earth)
2. The recorded object – northern sluice of the ancient
dam in Marib/Yemen
The former Sabaeer capitol city Marib is located approx. 150 km east of the
Yemeni capital Sana′a in the transient area of the Yemeni highland to the inner
Arab desert Ramlat as-Sab’atayn.
In the year 548 A.D. the ancient community established the large dam of
Marib, a masterwork of engineering architecture at that time. Thus, the
inhabitants of southern Arabia could use the periodically occurring monsoon
rain as tide irrigation for agriculture. Typically twice per year the violent rains
were captured by the dam and led into a comprehensive irrigation system.
The water masses were reserved by an earth dam with a so-called stone
ticking, which was built at a narrowed location of the Wadi Dhana. Hence,
the task of the dam consisted of catching and supporting the incident water
off flow. However, no water reservoir was to be created, but the ground-
water level of the area should slowly have increased. At the northern and
southern end of the dam water gates (sluices) existed (Figure 1), with which
the supplies of water could be regulated for the cultivated areas via the main
channels [1]. The northern sluice of the old dam (Figure 2), which was
recorded in this project, is located at the foot of the adjacent mountain range.
The main walls of the building bordered a basin, in which the arriving water
masses were supported and later flowed into an artificial canal system. From
this the water flow was well distributed via twelve smaller canals into the
oasis land. The overflow wall served as flood discharge.
c Figure 2: Oblique aerial image of 
the northern sluice of the ancient 
dam in Marib/Yemen. (Photo: B.Vogt,
KAAK, DAI)
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On the one hand the water from the mountains could be accumulated
with this water management system, in order to prevent inundations on the
oases. On the other hand despite increasing sedimentation in the area causing
a rise in levels for the cultivated lands irrigation was guaranteed. Consequently,
the irrigation level continuously rose after each flooding [3]. Nevertheless, in
order to be able to supply the agriculture surfaces with sufficient water, the
buildings had to be raised to achieve a higher level than the irrigation level.
From the places in the northern sluice, in which the stone boarding is missing,
it is clearly recognizable that the wall of the catchment’s basin of the water off
flow was increased due to the sedimentation and the rising level of the water.
It was foreseen by constant rising of the sediment layers that the dam could
not sustain the masses and the pressure any longer. Consequently, after a short
period of use a break of the dam finally occurred between 575 and 600
A.D., which was no longer be repaired. Thereafter, water management stopped
and lead to the depopulation of the once thriving oasis [2].
3. Systems used for object recording
The recording of the dam was performed with a commercial digital SLR
camera Fujifilm FinePix S2 pro and the terrestrial laser scanning system Trimble
GS100. The S2 possesses a CCD chip with a sensor of 23.3 mm × 15.6 mm,
which offers a maximum interpolated resolution of 4256 × of 2848 pixel, which
yields a file size of approx. 35 MB per image in TIFF. At this resolution 28
photos can be stored on one Compact Flash Card with 1 GB storage capacity.
The camera was used with a Nikkor lens with the focal length of 28 mm.
The 3D laser scanning system GS100 is manufactured by Trimble S.A.,
France and consists of a laser scanner, accessories (Figure 3) and appropriate
software for data acquisition and post processing. The optimal scanning range
is between 2–100 m. The panoramic view scanner (field of view 360°
horizontal, 60° vertically) offers an uninterrupted panoramic capture of a
scene of 2 m × 2 m × 2 m up to 200 m × 200 m × 60 m indoors or outdoors.
The resolution of the scanner is 0.002gon (Hz/V).The laser point has a size 
of 3 mm in 50 m distance, whereby the standard deviation of a single distance
measurement is 6 mm.The distance measurements are performed by pulsed
time-of-flight laser ranging using a green laser (532 nm, laser class II or III).
The system is able to measure up to 5000 points per second.
Figure 3 shows the 3D laser scanning system Trimble GS100 (weight 13.5
kg) with accessories, consisting of a rugged flight case and a notebook for
controlling the unit during data acquisition.The usage of an efficient power
generator is recommended for field work, when mains power cannot be
obtained.
Investigations into the accuracy behaviour of the terrestrial laser scanning
system Trimble GS100 are described in [7].
4. Photogrammetric object recording
and laser scanning
The object recording was performed with a team of four people from the
HafenCity University Hamburg within a three week campaign from December
29th 2005 to January 17th 2006. First, a local 3D network and control points
for photogrammetry and laser scanning were measured with the Leica
tacheometer TCRP 1201. From a previous diploma thesis of the department
Geomatics fixed points were already available for the transformation into the
UTM coordinate system [8]. Due to reduced transportation facilities,
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sufficient tripods could not be brought for the geodetic net measurement.
The network had to be measured without forced centering on tripods, which
slightly reduced the precision. In addition, the zenith angle measurement was
significantly affected by the high refraction. But with respect to the later
applications in archaeology the precision losses are quite justifiable.
The photogrammetric recording was carried out with the SLR camera
Fuji S2 in multi image triangulation mode. In order to obtain a good camera
configuration around the object, a 5 m high ladder was used for additional
camera stations (Figure 4a). In total, 458 images of the entire dam were
recorded, although for the subsequent evaluation only 138 were used. 53
circular targets, which were generated in AutoCAD, were used as
photogrammetric control points, whose coordinates were determined
geodetically in a 3D network.
Using the laser scanner Trimble GS100 (Figure 4b) the 3D geometry of
the northern sluice could be scanned and additionally intensity values of the
laser beam and the RGB values of the internal video camera were stored for
each 3D point.Thereby, the initialization of the scanner as well as the
definition of the respective scanning station was performed using the
scanning program PointScape V2.0. After scanner initialization the scanning
area was specified in real time via the displayed video frame from the
scanner’s internal camera.This process was particularly recommendable, in
order to avoid unnecessary data volumes from the environmental area of
the dam. For the complete object scanning 19 scanner stations in total were
needed. Moreover, all visible control points and registration points, which
were equipped with spheres, were scanned additionally from each scanner
station. All control points were determined in the geodetic network
c Figure 3: Terrestrial 3D laser
scanning system Trimble GS100 from
the HafenCity University Hamburg.
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measurement. These points were used later for the registration and geo-
referencing of the scans in the UTM coordinate system.
5. Data processing
5.1. Geodetic 3D network adjustment
The program system Panda (GeoTec, Laatzen, Germany) offers computation
and adjustment of geodetic 3D networks including the computation of relevant
network specific parameters for the analysis, optimization and evaluation of 3D
nets.The three-dimensional network adjustment delivers control point
coordinates for the subsequent geo-referencing of the recorded
photogrammetric images and the point clouds from laser scanning. In the three-
dimensional net adjustment a standard deviation for the horizontal and vertical
angle measurement of approx. 3 mgon and for the distance measurements a
standard deviation of approx. 3 mm was achieved. For the adjusted UTM
coordinates of the network stations a maximum standard deviation of 1mm
was determined. For the control point measurements the largest residual in
planimetry amounts to 10 mm, while the average residual was approx. 2 mm.
Due to the more inaccurate zenith angle measurements the height coordinates
showed higher residuals, i.e. the largest residual for a photogrammetric control
point was 6 mm, while the average value was 3.5 mm.
5.2. Registration and geo-referencing of scans
The manual registration and geo-referencing of the three-dimensional 
point clouds of each laser scanner station was accomplished with the
software RealWorks Survey 5.0 (RWS).The 19 scanner stations were
registered using at least three of the 22 control and tie points (spheres).
b Figure 4: Photogrammetric
recording on a mobile ladder (a) 
and terrestrial laser scanning in
Marib/Yemen (b).
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The precision of the registration amounted to maximally ± 11.7 mm (RMS)
per station. Subsequently, the entire registered point cloud could be 
geo-referenced into the UTM system with a precision of 1cm for the
transformation using four control points in total.This achieved precision
easily fulfils the requirements for object construction in archaeological
applications.
Subsequently, the entire point cloud (28 million points) (Figure 5) was
cleaned up, i.e. all redundant points, which did not belong to the object 
like scaffolding or workmen, were deleted.Thus, the point cloud could be
reduced to 21 millions points in total. For the object construction the
parts/areas in the point cloud, which were required for data processing,
were segmented and exported as ASCII file, in order to be able to be
processed in PHIDIAS.
c Figure 5: Cleaned total point cloud
of the northern sluice of the old dam
in Marib/Yemen
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5.3. Image orientation and camera calibration
The bundle block adjustment for image orientation including simultaneous
camera calibration was accomplished with the program PHIDIAS, which is
an MDL application of the CAD system MicroStation. Moreover, PHIDIAS
offers the combined evaluation of orientated images with geo-referenced
3D point clouds of a laser scanner.
Before the final 3D object construction the orientation of 138 digital
images and a camera calibration were accomplished in PHIDIAS. Figure 6
shows the principle of the photogrammetric measurements of the control
and tie points. On average 27 image points were measured per image, while
each object point was measured in ten images.Thus, a good connection of
the multiple images within the triangulation block as well as a reliable point
determination could be ensured. Systematic errors like the high lens
distortion were compensated for in the camera calibration for the further
evaluation.The average measuring precision of image points was sx = 7,7 µm
and sy = 7,0 µm, which corresponds to a measuring precision of ca. 11⁄2 pixel.
The precision of object points after adjustment was ± 8 mm.This obtained
precision in image space was slightly worse than compared to precisions of
other projects reached so far in digital architectural photogrammetry [9],
since the definition of object points was not always completely clear with
this antique building.
5.4. Object construction in PHIDIAS
Due to the combined representation of photogrammetric images and laser
scanner data in PHIDIAS a 3D digitization of the object can be carried out
then directly in a digital, orientated image using CAD elements such as
points, lines, polygons or surfaces.Therefore, the point clouds of each 
facade generated in RWS were imported in PHIDIAS (Figure 7).Thereby,
an orientated image supplies the XY object point coordinates, while the
laser scanning point cloud delivers the Z-coordinate of the respective 
point.This procedure is called monoplotting.Thus, the 3D information 
of the point cloud is supplemented with the details of an image.
With the help of the point cloud an auxiliary plane can now be specified,
so that the ray of each image point is cut with this plane and thus three-
dimensional coordinates of this point can be measured in the image, and
computed respectively.The auxiliary plane is defined by three points of 
the point cloud, which may not be on a straight line. Subsequently, the 
entire point cloud can be faded out, in order to ensure better distinction 
in the image and faster computing times. On this level the object with
assistance of points, lines or polygons was then reconstructed (Figure 8a).
The geometrical elements were stored as CAD objects in a DXF or a DWG
format, so that a following data processing could be performed in AutoCAD,
which was more familiar for the first author than MicroStation. Special
 Figure 6: Photogrammetric point
measurements.
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object characteristics like e.g. specific stones (Figure 8b) were measured in
detail, which was particularly time-consuming.
Due to the object characteristics in the transition area of the water gate
and wall it was also necessary for the modelling to generate a cylinder into
the point cloud.After the construction of all object parts a complete 3D
volume model of the northern sluice was available in AutoCAD, which is
depicted in a rendered representation in Figure 9.A detailed description of
the construction of the ancient dam is summarized in [10].
 Figure 7: Combined display of laser
scanning data (blue), photogrammetric
image and previously mapped vector
data (yellow) in PHIDIAS.
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 Figure 8: Stone-by-stone mapping by
monoplotting.
5.5.Visualisation
Firstly, for the interactive representation a visualization of the northern
sluice was provided with AECViz, while in the second step the object was
visualized as a video sequence with photo-realistic textures using Highlight
pro. AECViz software is produced by Tornado Technologies Inc., Canada 
and produces simple visualization. However, the advantage of this program is
the interactive representation of the object, i.e. the user can independently
rotate the model, zoom in and out to receive a comprehensive impression
of the object.With the import of DXF- or DWG files all in AutoCAD
defined layer structures can be transferred to AECViz. However, the
characteristics and colours of each individual layer can still be changed
afterwards. Moreover, the solar radiation and the lighting conditions can 
be determined according to given countries and places. Finally, an EXE file
can be generated, which can be executed on any windows-based computer
(Figure 10).
Additionally, the building was visualized photo-realistically as a virtual reality
model in a video sequence using the program Highlight pro V3.The software
is divided into the two sub-programs Graph and Animate. In Graph a 3DS file
can be first imported, which can be provided in AutoCAD from DXF or DWG
formats. Since in Graph the processing of the file is based on triangles, all
possible triangles in the model were generated during the import.The layer
structure from AutoCAD can be transferred as well, however only 16 layers
can be processed at once, so that the number of layers should be minimized
to this number in AutoCAD prior to export. In order to simplify the definition
of the layers, the user should arrange, that all object parts, which receive the
same texture mapping later, should be placed on the same layer.Thus, the
number of layers as well as the processing in Animate can be reduced. For 
b Figure 9: Rendered representation
of the virtual model of the northern
sluice of the ancient dam generated 
by AutoCAD.
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the texture mapping the photogrammetric images were used. After texture
mapping was performed for all layers, a completely visualized model of the
northern sluice was available (Figure 11 top). In addition, a fly through was
generated as a video sequence of 69 seconds with Highlight pro, which
consists of 2070 single video frames with a format of 800 × 600 pixel.Two
images of this sequence are represented in Figure 11 (centre and bottom).
6.Time and cost aspects
On the basis of time and cost management the project could be judged 
with regards to economy and efficiency. In Figure 12 it can be seen that the
photogrammetric evaluation and the object construction account for approx.
50% of the entire project.According to project experiences for instance a ratio
of 1:10 can usually be assigned for object recording in relation to data
processing for object modelling and construction. However, a ratio of 1:6 could
be achieved for object recording and construction in this project due to the
combined evaluation of photogrammetric and laser scanning data.
The expenditure of human labour for this project amounted to 459 hours
in total.This corresponds to theoretical costs of approx. €30,000, which
were deduced using appropriate current hourly wages for measuring assistant,
technician and engineer. However, these are theoretical costs, but it can be
finally stated that the expenditure and the costs of this project do not appear
to correspond to real market conditions and to be economical for pure
visualization applications. However, the exact and detailed evaluation of the
ancient building represents high value as inventory documentation and thus
for further archaeological investigations.
c Figure 10: Interactive virtual model
of the northern sluice of the ancient
dam generated by AECViz.
Virtual Reality Model of the Northern Sluice of the Ancient Dam in Marib/Yemen
b Figure 11: Perspective scenes of the
virtual model of the dam in Marib/
Yemen generated by Highlight pro V3.
Thomas P. Kersten
7. Conclusions and outlook
The northern sluice of the antique dam in Marib/Yemen was completely
recorded, modelled, reconstructed, visualized and successfully animated in
three dimensions using a combination of digital photogrammetry and laser
scanning.The use of a digital SLR camera Fuji S2 as well as the terrestrial laser
scanner GS100 from Trimble allowed an evaluation precision of approx. 1–2
cm, which thus fulfils the requirements of the archaeology of a maximum of 
±10 cm for visualisation and publication purposes (inventory documentation)
of the virtual model.The combined evaluation was performed with the
MicroStation PlugIn PHIDIAS from Phocad,Aachen, Germany. Due to the
experiences of the authors in similar projects with different software, it 
can be stated that the PHIDIAS software permitted a very efficient evaluation
for stone-by-stone mapping of the dam and the expenditure of time could be
regarded as reduced due to the combined use of photogrammetric and laser
scanner data. Since in archaeology, architectural photogrammetry and cultural
heritage very high accuracies are not demanded, the use of digital SLR cameras
proves particularly efficient. In comparison to metric cameras these cameras
are characterised by small initial costs and ease of use and maintenance.
Nevertheless, they offer a high accuracy potential of 1–2 cm for applications 
in architectural photogrammetry.
The use of a laser scanner is only recommended, if already appropriate
equipment and the pertinent software are present, since the construction of
antique buildings can also be realized only by architectural photogrammetry.
Thus, the use of a laser scanner should be gauged before the start of the
project due to saving of time, but as well due to the high initial costs. It could
be shown in this project that the hybrid measuring and evaluation procedure
offer a meaningful possibility of reconstructing and of visualizing the future
world cultural heritage site as a virtual reality model, in order to inform about
the object and to awaken public interest. In addition this provided and visualized
3D model offers an optimal base for the structure of a three-dimensional geo
information system (GIS), which shall be realized in future work. In this way
interested users can move interactively in the model and can attain further
information about history, accruement or art-historical aspects of the dam.
c Figure 12: Expenditure of human
labour for project ancient dam
Marib/Yemen in percent.
Virtual Reality Model of the Northern Sluice of the Ancient Dam in Marib/Yemen
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Preserve the Past for the Future – Terrestrial Laser 
Scanning for the Documentation and Deformation 
Analysis of Easter Island’s Moai
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Summary: Since 1995, the Moai of Easter Island, 
the island’s huge volcanic rock statues, have been 
protected as UNESCO (United Nations Education-
al, Scientific and Cultural Organization) World 
Cultural Heritage monuments, but so far, although 
the Moai are increasingly at risk of damage by ex-
posure to wind and weather or by vandalism, they 
were never digitally documented and copied using 
an appropriate technique. The Department Geo-
matics of the HafenCity University Hamburg 
(HCU) started the documentation of the Moai in 
2007 in cooperation with the German Archaeologi-
cal Institute (DAI), Bonn, when the first three Moai 
sites were recorded by terrestrial laser scanning. In 
2008 eight more Moai complexes were scanned. 
The long term goal of the project is to document 
and to catalogue the remaining Moai as well as as-
semble all relevant data into a Geographic Informa-
tion System (GIS). Additionally, the analysis of 
possible deformation and the monitoring of conser-
vation activities for selected Moai is an objective of 
the project. The recording of the statues by terres-
trial laser scanning, the modelling into meshed 3D 
models and the texture mapping using high-resolu-
tion imagery are described in this paper. Further-
more, first tests for deformation analysis by 3D 
comparison of selected Moai were carried out. 
However, so far significant changes could not be 
detected for the short time interval of one year.
Zusammenfassung: Bewahre die Vergangenheit 
für die Zukunft – Terrestrisches Laserscanning für 
die Dokumentation und Deformationsanalyse der 
Moai von der Osterinsel. Seit 1995 stehen die Moai 
der Osterinsel, die sehr großen vulkanischen Stein-
figuren der Insel, als Weltkulturerbe der UNESCO 
(Organisation für Ausbildung, Wissenschaft und 
Kultur der Vereinten Nationen) unter Schutz, aber 
bis heute wurden sie nie digital mit einer geeigne-
ten Aufnahmetechnik dokumentiert und kopiert, 
obgleich die Moai in zunehmendem Maße der Ge-
fahr einer Beschädigung durch Erosion von Wind 
und Regen oder durch Vandalismus ausgesetzt 
sind. Das Department Geomatik der HafenCity 
Universität Hamburg (HCU) begann die Dokumen-
tation der Moai 2007 in Zusammenarbeit mit dem 
Deutschen Archäologischen Institut (DAI) in Bonn, 
als die ersten drei Moai-Stätten durch terrestrisches 
Laserscanning erfasst wurden. 2008 wurden weite-
re acht Moai-Stätten gescannt. Das langfristige Ziel 
des Projektes ist, die verbliebenen Moai zu doku-
mentieren und zu katalogisieren, um alle relevan-
ten Daten in einem Geoinformationssystem (GIS) 
zusammenzufassen. Zusätzlich ist die Analyse 
möglicher Deformationen und die Überwachung 
geplanter Konservierungsmaßnahmen für ausge-
wählte Moai eine weitere Zielsetzung des Projek-
tes. Die Aufnahme der Statuen durch terrestrisches 
Laserscanning, das Modellieren durch Dreiecks-
vermaschung und deren Texturierung mit hoch auf-
lösenden Bildern werden in diesem Beitrag be-
schrieben. Außerdem wurden erste Tests einer De-
formationsanalyse durch 3D-Vergleich ausgewähl-
ter Moai durchgeführt. Jedoch konnten bis jetzt 
keine signifikanten Änderungen für den kurzen 
Zeitabstand von einem Jahr ermittelt werden.
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Sites, Munich. Work was closely coordinated 
with Chile’s Consejo de Monumentos Nacion-
ales, Santiago, and local island authorities. 
The project’s objective is to further research 
the island’s history, its inhabitants and the still 
largely unknown Moai. In addition, the DAI 
will document and catalogue the remaining 
Moai as well as assemble all relevant data into 
a Geographic Information System (GIS) (KER-
STEN & LINDSTAEDT 2007, VOGT et al. 2007).
Furthermore, the project will test whether de-
formations on the Moai can be clearly identi-
fied using the terrestrial laser scanning tech-
nology. Additionally, conservation processes 
could be monitored at specified time intervals 
by TLS.
As known from the literature a terrestrial 
laser scanning system was used for the first 
time on Easter Island, when amongst other the 
Moai at the Museo Antropologico P. Sebastian 
Englert and the petroglyphs at Orongo were 
scanned by a CYRAX 2500 in 2003 for the 
University of Hawaii, Department of Anthro-
pology (WELLMAN 2003).
2 System Used for Object 
Recording
The scanning of the objects was performed 
with the following terrestrial laser scanning 
systems: Trimble GX (2007), Trimble GS101 
and the IMAGER 5006 from Zoller & Fröh-
lich (2008). Additionally, some of the Moai 
(Vaihu, Huri A Urenga and Akapu) were doc-
umented by photographic image acquisition 
using a commercial digital SLR camera Nikon 
D40 (28mm lens).
The 3D terrestrial laser scanning systems 
GX and GS101 (cf. Fig. 1 left), which are man-
ufactured by Mensi S.A., France for Trimble, 
consist of a laser scanner (weight 13.5 kg), ac-
cessories (consisting of a backpack and a note-
book for controlling the unit during data ac-
quisition) and appropriate software for data 
acquisition and post processing. The IMAG-
ER 5006 (weight 14 kg) is produced by the 
German company Zoller + Fröhlich. This 
scanner can be used as a stand-alone system or 
with a notebook. The optimal scanning range 
is between 2 and 100 m for the GS101 (with the 
option OverScan up to 150 m), and up to 200 m 
1 Introduction
One of the most unique – and remote – areas 
on Earth, Easter Island was named for the day 
Dutch Admiral Roggeveen first discovered the 
island in 1722. How the island initially became 
inhabited remains speculative; legend claims 
Polynesian King Hoto Matua and others sailed 
double-hulled canoes to begin occupying the 
island around 1000 AD. The island’s huge vol-
canic rock statues – called Moai by the island-
ers – have also puzzled ethnographers, archae-
ologists and island visitors. On average stand-
ing 4 m (13 ft) high and weighing 14 tons, the 
Moai are believed to have been carved, trans-
ported and erected between 1400–1600 AD. 
Most archaeologists believe the Moai are 
standardized representations of powerful lead-
ers on early Easter Island, or Rapa Nui, the 
name given to their land by islanders. Today, 
the German Archaeological Mission is seek-
ing to help document and conserve these his-
torical monuments. Using terrestrial laser 
scanning systems, the expedition team is help-
ing preserve the past for the future – today.
A triangle of volcanic rock, Easter Island 
lies about 3,800 km (2,361 mi) west of Chile in 
the Southeast Pacific Ocean. A Chilean prov-
ince, the 163 km2 (63 mi2) island has more than
800 Moai remaining, yet most are in poor con-
dition. The statues were almost all erected sin-
gly or in a few groups along the coast on stone 
platforms known as Ahu. The Moai and Ahu 
are increasingly at risk of damage by exposure 
to wind and weather or by vandalism; most of 
the statues have been toppled due to human 
activity or natural events – such as tsunamis 
– and lie face down on the ground. Since 1995,
the Moai have been protected as UNESCO 
(United Nations Educational, Scientific and 
Cultural Organization) World Cultural Herit-
age monuments, but so far they were never 
documented via digital copies.
Risk of damage is one reason the German 
Archaeological Mission conducted four weeks 
of field studies on Rapa Nui in each of Febru-
ary 2007 and in February/March 2008. The 
expedition is a cooperative project between 
the German Archaeological Institute (DAI), 
Bonn; the Geomatics Department of Hafen-
City University, Hamburg (HCU); and the Ba-
varian State Department of Monuments and 
ranging using a green laser (532 nm, laser 
the IMAGER 5006 is a phase-shift scanner 
with a red laser. The GX/GS101 is able to 
measure up to 5000 points per second, but in 
the practical use on Easter Island the scanner 
was not able to scan more than 1000 points per 
second. In contrast to this slow scanning speed 
the IMAGER 5006 offers high speed scanning 
with up to 500,000 points per second.
-
tant features of the three used laser scanners 
are summarised in Tab. 1. The three scanners 
represent two different principles of distance 
measurement: Z+F IMAGER 5006 uses phase 
shift method, while Trimble GS101/GX scans 
can be stated that the phase shift method is 
for the GX (with the option OverScan up to 
-
of view 360° horizontal, 60° vertically for GX/
GS101, and 360°×310° for the IMAGER 
50 m distance for the IMAGER 5006, whereby 
the 3D scan precision is 12 mm at 100 m dis-
Scanner / Criterion Trimble GX Trimble GS101 Z+F IMAGER 5006
Scan method Phase shift
Field of view [°] 360×60 360×310
Scan distance [m] < 79
Scanning speed 
Angular resolution [°] 0,0017 0,0018
3D scan precision 12mm/100m 2.5-7.5mm/50m1
Camera integrated add-on option
Inclination sensor yes no yes
1 range noise depending on object colour
transported from there and set on Ahu (plat-
the island’s perimeter. 92 Moai are on a route 
to an Ahu. Almost all have overly large heads 
are the ‘living faces’ and representations of 
with their backs to the sea. Nowadays, most 
are toppled due to earlier tsunamis, earth-
on the island. The tallest Moai erected was al-
tonnes; the heaviest erected was a shorter but 
squatter Moai at Ahu Tongariki which weighed 
is still in the quarry at Rano Raraku, would 
with a weight of about 270 tons.
The distribution of Moai on Easter Island, 
which were scanned in 2007 and 2008 by the 
Department Geomatics from the HafenCity 
University Hamburg, is illustrated in Fig. 3. 
The Moai at Vaipu, at Hanga Mea, and at Aka-
hanga are toppled, while all other scanned 
Moai stand erect.
In total, eleven object sites were scanned in 
whereby three Moai sites (Akivi, Ko Te Riku, 
-
formation analysis of statues. The list of Moai 
fast but signal to noise ratio depends on dis-
tance range and lighting conditions. If one 
compares scan distance and scanning speed in 
Tab. 1, it can be clearly seen, that the scanners 
-
er distances but are relatively slow compared 
to the phase shift scanner. For the GS101/GX 
power supply  the Honda power generator was 
necessary, while for the IMAGER 5006 two 
internal batteries were available, which offers 
approx. 4 hours.
For all of the scanned objects spheres (GX/
for registration and geo-referencing of the 
The diameters of the spheres used were 
76.2 mm. To obtain centre positions of the 
spheres and targets, the point clouds repre-
using algorithms of the Trimble software 
the determination of the target centre the soft-
ware LaserControl from Zoller + Fröhlich was 
used.
The Moai are monolithic statues carved from 
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process within millimetre accuracy by follow-
up scanning on an annual basis. The focus of 
this paper is on these three Moai, which were 
scanned with Trimble scanners. The data of 
all other sites scanned with IMAGER 5006 is 
still in the processing phase.
Using the Trimble scanners the 3D geome-
try of the different Ahu and Moai could be 
scanned and the intensity values of the laser 
beam and the RGB values of the internal video 
camera were also stored for each 3D point. 
Firstly, the initialization of the scanner and the 
definition of the relevant scanning station were 
performed using the scanning program Point-
Scape V3.1. After scanner initialization the 
scanning area was specified in real time via 
the displayed video frame from the scanner‘s 
internal camera. This process is particularly 
recommended, in order to avoid unnecessary 
data volumes from the environmental area of 
the sites and to optimize scanning time. To en-
sure complete object scanning different scan-
ner stations around the object were needed. 
scanned in 2007 is summarised in Tab. 2, 
while the scanned Moai in 2008 are listed in 
Tab. 3.
4 Object Recording
Prior to this project, the only available docu-
mentation of the Moai had been in the form of 
pictures and drawings, combined with sketch-
es of a few selected figures. To perform a com-
prehensive analysis of weathering and erosion 
for all the Moai, the three above-mentioned 
scanners were used to record the objects. The 
choice of a non-contact measurement method 
was very important as walking on the Ahu or 
touching the Moai is not permitted. As the lo-
cal surroundings of some Moai were also to be 
scanned, it was necessary to use a scanner that 
had a wide range as well as high measurement 
precision. The goal was to produce exact 3D 
models of three selected Moai (Akivi, Ko Te 
Riku, and Vaihu) to record the deterioration 
Tab. 2: List of Moai scanned in 2007.
Object Scanner Date Scan time
Vaihu Moai GX 07.02.2007 ½ day
Ahu Akivi GX 09.–10., 12.–14.02.07 3 ½ days
Ahu Ko Te Riku GX 13./20.02.2007 2 days
Tab. 3: List of Moai scanned in 2008.
Object S Date Scan time
Vaihu Moai a 19.02.2008 ½ day
Huri A Urenga b 19.02.2008 ½ day
Tongariki a, b 20.02.2008 1 day
Ahu Akivi a 21.–22.02.2008 2 days
Ahu Nau Nau b 25.–26.02.2008 2 days
Ahu Ature Huki a 26.02.2008 ½ day
Ahu Akahanga b 28.02./02.–03.03.2008 3 days
Hanga Kio’e a 28.02.2008 1 day
Represa Vaipu a, b 29.02./04.03.2008 2 days
Hanga Mea a 03.03.2008 1 day
Tahai, Ko Te Riku a 04.03.2008 1 day
S = Scanner, a = GS101, b = IMAGER 5006
The scanning strategy using the Z+F 
IMAGER 5006 was different to the scanning 
with the GX/GS101. Due to the huge data vol-
ume of each scan it was more appropriate to 
use targets for direct geo-referencing of each 
but in the most cases four, well-distributed 
targets were included in each scan. The coor-
dinates of the targets were determined simul-
in registration and geo-referencing and these 
were scanned from each scanner station. The 
scanned spheres could be automatically rec-
ognised in the point cloud by the software (cf. 
-
ning was required for each scan station.
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Moai, about 4.5 m (15 ft) tall, is one of the few 
statues looking out to the ocean; most statues 
face inland. The group was restored and set 
upright again in 1960 a few kilometres inland 
from the coast. The figures symbolize the sev-
en scouts, which according to legend were 
sent across the ocean by Polynesian chief Hotu 
Matua to locate Rapa Nui.
To fully document the Moai (with a scan-
ning grid size of 5–20 mm at 10 m distance) 
and surroundings, a total of 9.5 million points 
were recorded from twelve scanner stations in 
2007. The Ahu, the remains of two cremation 
chambers behind the Moai, and the open space 
in front of the statues were also scanned. Elev-
en control points (spheres) around the object 
were marked and determined by differential 
GPS (DGPS), so an identical coordinate sys-
tem could be recreated for the subsequent 
scans in 2008. In 2008 only the Ahu and the 
seven Moai were scanned with grid size of 
20 mm at 50 m distance from six scanner sta-
tions (3.7 million points) using four of the 
marked control points. The Moai are illustrat-
ed in different states (as point cloud with RGB 
values of the internal video camera, as point 
cloud with intensity values, and as meshed 3D 
model) in Fig. 6.
4.3 Ko Te Riku
The third object scanned was the single Moai 
Ko Te Riku at the Tahai Ceremonial Complex, 
located on the coast in Hanga Roa, the island’s 
only settlement. Due to its head covering (Pu-
kao) of reddish volcanic rock, this Moai could 
not be completely surveyed using the four 
scanner positions on the ground. Due to a 
crash of the laser scanning system Trimble 
GX on February 20th 2007, which could not 
be repaired on the island, the scanning of Ahu 
Ko Te Riku could not be completed, i.e. ca. 
20% of the Moai was not scanned. Therefore, 
only 730,000 points were available for the 
Moai, which was scanned with grid size of 
5–7 mm at 10 m distance for the back of the 
statue.
In 2008 the Moai and its Ahu were scanned 
from six scanner stations (grid size 10 mm at 
30 m distance, 1.2 million points) using nine 
spheres on marked control points, which were 
taneously by a total station using a special red 
target on the back side of the laser scanning 
target (cf. also Fig. 2 right), while the scanner 
position could be determined by measuring an 
eccentric 360° prism on top of the scanner. All 
targets are determined by polars in a local ge-
odetic network, which will later be trans-
formed to the network of the island using GPS 
measurements. The precision of the direct 
geo-referencing is in the range of 1 to 5 milli-
metres. The parameter for scan resolution was 
set to high or super high with low noise de-
pending on the distance to the object. In total 
25 minutes were used for each scan station. 
This included the geodetic measurements of 
the total station and the move to the next sta-
tion. Direct geo-referencing was performed in 
10 minutes per station in the post processing 
phase. In summary, 112 scan stations were 
used to scan the objects listed in Tab. 3, which 
yielded 31.3 GB of data and 1.8 GB of digital 
images using the add-on camera Nikon D40. 
The digital images could be used in a post 
processing procedure to integrate the imagery 
as RGB values into the point cloud. Fig. 5 il-
lustrates a scan of the IMAGER 5006 repre-
senting some Moai of Ahu Nau Nau. The data 
evaluation of IMAGER 5006 scans is planned 
for 2009.
4.1 Vaihu
The single Moai at Vaihu (cf. Fig. 4 top) was 
the first statue scanned in 2007 and in 2008 
using the Trimble scanners. Just four scanner 
positions were necessary for scanning the 
Moai each year, using four spheres for regis-
tration and three of them for geo-referencing. 
For geo-referencing three points were marked 
with wooden sticks sunk into the ground and 
measured by GPS. The same points were 
available for both 2007 and 2008. In total 2.3 
million points were scanned with a grid den-
sity of 7 mm each year. 
4.2 Ahu Akivi
The stone figures of Ahu Akivi (cf. Fig. 4 cen-
tre) were scanned in 2007 and in 2008 using 
the Trimble scanners. This group of seven 
Registration and Geo-referencing
of Scans
The automatic sphere-based registration of the 
three-dimensional point clouds of each laser 
scanner station for the GX/GS101 was accom-
number of marked points used, number of 
points per point cloud per object and the preci-
sion of the registration and geo-referencing 
are summarized in Tab. 4.
Only three spheres were available for geo-
for all other sites all spheres could be used for 
geo-referencing. For the IMAGER 5006 scan 
data the direct geo-referencing was tested ex-
emplarily for some scans in the local geodetic 
network to see the precision potential, which 
was in the range of 1 to 5 millimetres as men-
tioned before. It was decided to perform the 
direct geo-referencing of all IMAGER 5006 
scans only when the GPS data have been proc-
essed and all absolute coordinates of all tar-
gets are available.
well-distributed around the object, for regis-
tration and geo-referencing.
GPS Measurements
For the geo-referencing of the laser scanning 
data and for the geodetic documentation of all 
excavation sites in the island’s coordinate sys-
tem SIRGAS (  et al. 2006, 
determined by differential GPS measurements 
-
Mark2 instruments simultaneously, one as a 
reference station on a reference point of the 
coordinate system SIRGAS and one as a rover 
on marked points. Therefore, the coordinates 
have been determined by post processing us-
ing additional GPS data from the local perma-
nent GPS station ISPA. For the transformation 
of the GPS measurements into the island ś co-
ordinate system SIRGAS the six reference 
points were measured. The determination of 
2007 yielded a standard deviation in sxy = 
UTM coordinate system of the island a preci-
sion for sxy = 10 mm and for sz = 50 mm was 
achieved.
a further reduction of 10% for the point cloud. 
cloud results in 3D models of the Moai, which 
are shown in Fig. 7. These models (cf. Fig. 6
-
tions such as volume calculations, cutting 
slices, etc. and also for visualisation tasks us-
ing texture mapping as shown in Fig. 10. Fur-
thermore, these models are the basic data set 
for deformation analysis, thus it is possible to 
analyse the changes on the Moai between 2007 
and 2008, caused by erosion, weather or other 
climatic aspects.
Additionally, scanning the surrounding area 
enables both a site plan and a terrain model to 
be generated, providing the archaeologists 
with important base-line data for later excava-
tion work.
Modelling of the Point Clouds
After registering and geo-referencing the 
scans the entire point cloud of each object will 
points, which do not belong to the object or 
which are not necessary, will be deleted. Thus, 
the point cloud can be slightly reduced. An-
other option to reduce the point cloud is re-
sampling into regular point grid spacing. The 
point clouds were exported in an ASCII for-
mat, in order to transfer the data to the model-
ling software Geomagic 10. Here, the point 
clouds were additionally resampled by de-
creasing the grid spacing, e.g., 20 mm, which 
offers faster visualisation performance on a 
standard notebook. The quality of the point 
-
ing elimination of blunders, which could cause 








Vaihu GX 4 / 4 2,3 2 6.8
Akivi GX 12 / 9 8,9 5 8.3
KoTeRiku GX 0,7 5 6.5
Vaihu GS101 4 / 4 2,3 3 12.2
Akivi GS101 6 / 4 3,7 6 21.0
KoTeRiku GS101 1,2 9 9.0
-
enable future scanning at set time intervals to 
quantify possible erosion processes and show 
the progress of conservation measures applied 
to statues.
of expected changes/deformations on the 
Moai, but it could be a change of some milli-
metres in a ten year period. Changes or defor-
mations can be caused by erosion or weather 
conditions, which could leave traces on the 
whole bodies of the statues. On the other hand 
unstable ground from the renovation of the 
platform could cause slightly increasing incli-
Deformation Analysis
To analyse changes and deformation of the 
comparison of the two triangulated meshes of 
both epochs using Geomagic is required. The 
3D model-to-model registration was computed 
based on the ICP algorithm (iterative closest 
and not any GPS data for the geo-referencing. 
high-resolution point cloud with a point grid 
of 5mm for the Moai at Vaihu and 2mm for 
Ahu Akivi. This 3D comparison could allow 
signs of existing erosion to be clearly identi-
-
matic texturing using the orientation parame-
ters of each photo, which are in the same coor-
dinate systems as the scanned point cloud, and 
its related camera calibration parameters (
First tests for texture mapping were carried 
out using the software Geomagic 10. There-
fore, a triangulated mesh of the point cloud 
was created and the Moai was textured by reg-
istration of high-resolution images from the 
Nikon D40 and the meshed 3D model (cf. 
to unexpected white patterns on the textured 
model (see right eye of the Moai in Fig. 10 
-
lapping area of photos, which might be caused 
by bad registration. Therefore, further differ-
ent software packages, e.g., QTSculptor from 
Polygon Technologies, will be tested to gener-
ate textured 3D models of the Moai.
technique for the documentation of Easter Is-
land’s cultural heritage – the Ahu and Moai. In 
the past the statues were mainly toppled by 
natural disasters like earth quakes and tsuna-
mis, today’s disasters are ignorant tourists, 
who do not respect the cultural heritage and 
even destroy the Moai by vandalism, as it hap-
pened in March 2008, when a Finnish tourist 
damaged one statue of Ahu Nau Nau. This 
demonstrates clearly that it is absolutely es-
nation or/and a vertical shift of the erect Moai, 
which could only be detected if the two tem-
porally different 3D models could be com-
Therefore, a precise geodetic network is re-
quired, although it has not yet been estab-
lished. Fig. 7, 8, and 9 represent the model-to-
model differences between 2007 and 2008 for 
Ahu Akivi and the Moai at Vaihu. The devia-
tion was 5 mm on average for all models, 
which is the absolute value of the precision of 
the systems. Due to slight systematic effects, 
which can be seen in Fig. 7, an additional mod-
el-to-model registration was carried out for 
three individual Moai (left, centre and right 
comparison for the three Moai as front and 
back view. It is obvious, that the back part of 
the Moai could be slightly eroded, but this ef-
fect is still within the precision of the systems. 
-
sion of the laser scanning systems, by errors 
from the registration, and possibly by blunders 
from the 3D modelling in Geomagic. Current-
changes in the statues more investigations are 
required.
Texture Mapping
The texture mapping of the Moai using high 
resolution imagery could be applied with two 
photo and the meshed 3D model via measured 
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sential to scan the Moai for documentation 
and to generate 3D models as a digital copy of 
the Moai from scanned point clouds. In 2007 
and 2008 eleven object sites (Ahu and Moai) 
were scanned with Trimble and Z+F scanner, 
whereby three objects were scanned in both 
years for testing deformation analysis by 3D 
comparison. As expected no significant chang-
es on the Moai could be detected within the 
short time interval of one year. Nevertheless, 
the same Moai will be scanned in the next 
years to document possible deformations and 
to estimate it’s possible deformation range. 
Nevertheless, the scanning of the top of a Moai 
is not possible due to the height of the statues 
compared to the low scanner stations.
During the scanning project the importance 
of proper preparation for local weather condi-
tions became clear. Hot temperatures – 27–33° 
C or 81–91° F – caused scanner operating tem-
peratures of more than 40° C (104° F) at times. 
The scanner worked absolute perfectly the en-
tire time in 2008, but the island’s heat, wind 
and sudden showers added to the project’s 
challenge. Due to a close position of most plat-
forms to the sea the scanner also needed to be 
positioned close to the ocean when scanning 
the back of the Ahu/Moai. Here, the salty hu-
midity trickling off the glass plate of the scan-
ner caused problems (no returned signals) for 
the Trimble scanners during scanning.
The generation of 3D models for the scanned 
Moai is still in progress. Here, the challenge is 
to model the Moai with geometrical correct-
ness although the data volume needed to be 
reduced to an accepted minimum while the 
meshed models should be visualised interac-
tively with high resolution photo-realistic tex-
ture mapping. However, some software pack-
ages will be tested for texture mapping of the 
models of the Moai.
Finally, the scanning of all erect Moai out-
side the quarry in Rano Raraku could be fin-
ished during the next German expedition in 
2009. The scanning and documentation of all 
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Abstract
Although the Historic Peninsula of old Istanbul was added to the UNESCOWorld
Heritage List in 1985, complete documentation of this important area has not yet been
carried out. In 2006 the Istanbul Metropolitan Municipality’s Historical Environment
Protection Directorate initiated the ‘‘Historic Peninsula Project’’, which covers an
area of 1500 ha and includes approximately 48 000 buildings in crowded and
frequently narrow streets. B_IMTAŞ, a company owned by the Municipality, immedi-
ately started the documentation of all buildings in the project area using terrestrial
laser scanning. This created the challenge of building up an efficient production
environment with new high-end technology to fulfil the requirements of this project in a
very short timeframe of 2 years. This paper describes the entire production
environment for documentation of all buildings, detailing the frequent adaptations
of the process resulting from learning on the job. Although the data acquisition and
mapping environment was established in the course of production, it was always
essential to optimise the technical solutions in order to meet the requirements for data
quality and delivery deadlines. Only 80 ha of the required 1500 ha was completed
using static scanning during the first 6 months, thus requiring a change from static to
mobile terrestrial laser scanning in order to accelerate the work and to conclude the
scanning phase for the remaining major area within 3 months.
Keywords: buildings database, cultural heritage, mobile survey methods,
spatial data acquisition, terrestrial laser scanning
Introduction
The Historic Peninsula of old Istanbul (Fig. 1) is one of the most important tourist locations
in Turkey. Because of their international importance, these ‘‘Historic Areas of Istanbul’’ were
added to the UNESCO World Heritage List in 1985. This area is located on the southern shore
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of the Golden Horn, which separates the old city centre from the northern and newer parts of
the European side of Greater Istanbul. The Historic Peninsula ends with the Theodosian Land
Walls in the west. The peninsula is surrounded by the Sea of Marmara on the south and the
Bosporus on the east.
The documentation of the Historic Peninsula is a challenge because of the urban
topography and the daily street life. Several disciplines including urban planning,
architecture, telecommunications, tourism, environmental protection and many others have
an increasing demand for a digital 3D city model of Istanbul. Consequently, this model will
be used in planning, analysis, visualisation and simulation in different applications,
including 3D urban conservation and implementation plans, and detailed studies of urban
design. Additionally, open access geospatial viewers such as Google Earth and Microsoft
Virtual Earth have increased this demand for a 3D city model. Nevertheless, it has not yet
been decided whether and how such data will be available for these public viewers. To
satisfy the high demand for such data, city models must be acquired quickly, precisely,
completely and in detail, and in an economically efficient manner. For city modelling
applications, mobile mapping systems have significant benefits thanks to their speed and
mobility. Hence, traffic management is not required and large areas can be surveyed
rapidly.
Schwarz and El-Sheimy (2004) and El-Sheimy (2005) give an overview of mobile
mapping technologies and systems focusing on sensors and algorithms. Frueh and Zakhor
(2003) presented a fast approach to automated generation of textured 3D city models with both
fine detail at ground level and complete coverage for a bird’s-eye view; their building façades
were acquired at ground level by driving a vehicle equipped with two SICK LMS 2D laser
scanners and a digital colour camera with a wide-angle lens under normal traffic conditions on
Fig. 1. Area of the ‘‘Historic Peninsula Project’’ in Istanbul.
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public roads in the USA, while a digital surface model (DSM), containing complementary
roofs and terrain shape, was created from airborne laser scans. The integration of a terrestrial
laser scanner (Riegl Z-210) with global positioning system/inertial measurement unit (GPS/
IMU) orientation sensors on the Geomòbil mobile mapping system developed at the Institut
Cartogràfic de Catalunya in Barcelona is presented by Talaya et al. (2004). The dynamic laser
survey showed rms differences of 18 cm in Easting, 35 cm in Northing and 13 cm in the
vertical component when compared to 1:1000 city maps as references. Hunter et al. (2006) and
Kremer and Hunter (2007) introduced the StreetMapper mobile laser scanning system, which
has been operating in the UK since 2005. This system uses Riegl 2D laser scanners integrated
with an IGI TERRAControl GPS/INS system for data acquisition on projects which have
included highway asset measurements, indivisible abnormal load route planning and 3D city
modelling. Also, StreetMapper provides detailed data for the façades of buildings and high
resolution measurements of power lines adjacent to streets. Barber et al. (2008) report on the
geometric validation of the StreetMapper system by assessing the precision and accuracy of
data collected across two test sites (a peri-urban residential housing estate with low density
housing and wide streets, and a former industrial area consisting of narrow streets and tall
warehouses). The accuracy investigations resulted in an rms error in elevation in the order of
3 cm, while a planimetric accuracy of approximately 10 cm was achieved. This demonstrates
the performance potential of a mobile mapping system using kinematic terrestrial laser
scanning with integrated GPS/INS. Another investigation into quality management in
kinematic laser scanning (Gräfe, 2007) showed that an accuracy of 3 to 4 mm can be
achieved with the laser scanner data of the Mobile Road Mapping System (MoSES), developed
at the German Armed Forces University in Munich, even with a combination of different
scanners; additionally, stereo-photogrammetric measurements fit to the laser scanner data of
this system within their measurement accuracy of below 5 cm. Gandolfi et al. (2008) introduce
the Road-Scanner system, which is equipped with two GPS/IMU sensors (Applanix POS LV)
for navigation, four cameras for close range photogrammetric survey and a FARO LS880
terrestrial laser scanner, for mapping of high density urban areas of Bologna (Italy). To check
the accuracy of the results obtained by this mobile mapping system, independent reference
data was measured mainly by the GPS–real-time kinematic (RTK) technique in four test areas.
The mean rms values were 10 cm in Easting and Northing, and 5 to 6 cm in the vertical
component.
The objective of this paper is to describe the documentation of the Istanbul Historic
Peninsula by data acquisition with static and kinematic (mobile) terrestrial laser scanning
for the building façades and aerial imagery for the roofs. The documentation of such a
large and challenging area using sensor and data fusion had not, to the authors’ knowledge,
been published prior to the contribution concerning this project by Buhur et al. (2008) and
that by Baz et al. (2008) from which the present paper has been developed. The project
demonstrated that a significant acceleration of data acquisition by kinematic laser scanning
was the key for a successful project. Furthermore, the workflow for the façade and roof
mapping and 3D modelling are presented including the fusion of building façades
generated from terrestrial laser scanning data and roofs derived from aerial images.
Additionally, some timing aspects for controlling the workflow of such a huge project are
mentioned.
The Istanbul Historic Peninsula Project
The area of Istanbul bounded by the inner city wall and known as the Historic Peninsula
consists mostly of protected urban areas of great historical and archaeological interest. The
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Historic Peninsula Project (Fig. 1) covers an area of 1500 ha and includes approximately
48 000 buildings in crowded and frequently narrow streets with a total length of some 400 km.
The façades of the buildings along the roads and streets cover an area of about 5Æ5 million m2.
In 2003, the whole area was declared as a protected area (_Istanbul Büyükşehir Belediyesi
Planlama _Imar Müdürlüğü, 2003), when urban protection plans at 1:5000 and 1:1000 map
scales were completed. The districts Eminönü and Fatih were added after the localities
of Süleymaniye, Zeyrek, Cankurtaran, as well as the hans (caravanserais) and city walls
areas of the Peninsula, were also declared as protected (World Heritage Committee, 2006).
In these urban protection plans, first, second and third degree protection areas were defined.
For the first and second degree protection areas, detailed studies of urban design projects
based on 1:500 and 1:200 map scales will be carried out in the future. In the meantime, all
zoning applications in this area were suspended until the urban design project had been
completed.
A project contract, briefly named ‘‘Historic Peninsula Project’’, was awarded by the
Istanbul Metropolitan Municipality’s Historical Environment Protection Directorate
to B_IMTAŞ, a company owned by the Municipality. The project comprises the following
phases:
(1) Research studies and analysis are to be carried out to determine historical, socio-
logical, economic, urban and architectural factors of the region and logical relations
between them.
(2) Photographic and geometric determination of existing spatial features, physical factors
and functional characteristics related to the cultural assets by analytical studies and
technical drawings.
(3) Introduction of former cultural assets through historical research and restoration
works.
(4) Development of proposals for restoration methods, urban design and new building
designs compatible with the historical environment, in accordance with a synthesis
based on the analysis of existing and historical cultural assets.
Finally, because of the requirement for many municipality applications and the likelihood
of an earthquake in the Istanbul area within the next 30 years, B_IMTAŞ started the
documentation of all buildings in the area of the Historic Peninsula using terrestrial laser
scanning in 2006. Under this highly ambitious project it was planned that the Historic
Peninsula would be mapped within 2 years.
Fig. 2. Terrestrial laser scanners used: Leica HDS4500; Leica HDS3000; Optech ILRIS-3D; target for registration
and georeferencing of scans.
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Systems Used for Data Acquisition
For this project a new production organisation was built up at B_IMTAŞ, using modern 3D
mapping and computer technology. The terrestrial laser scanning group includes 24 staff
members using the following technical equipment for data acquisition: five Leica scanners (four
HDS4500 and one HDS3000), four ILRIS-3D scanners from Optech (Fig. 2), four Topcon total
stations for geodetic control point measurements and pre-calibrated Nikon D70 SLR cameras
with 14 and 28 mm lenses for digital photogrammetric documentation. The technical specifica-
tions of the terrestrial laser scanning systems used for this project are summarised in Table I.
These three types of scanner use two different principles of distance measurement: the
Leica HDS4500 uses the phase-shift method, while Leica HDS3000 and ILRIS-3D use the
time-of-flight method. In general it can be stated that the phase-shift method is fast but
the signal-to-noise ratio depends on the range (scan distance) and the lighting conditions. If
scan distance and scanning speed shown in Table I are compared, it is obvious that the scanner
using the time-of-flight method can measure over longer distances but is relatively slow
compared to the phase-shift scanner.
The HDS4500 measures distances up to 53 m, while the HDS3000 and the ILRIS can
measure up to 100 and 1500 m, respectively. Because of the limited speed of 1800 or 2500
points per second and the limited field of view it quickly became clear that the ILRIS scanners
and the HDS3000 are not useful for the busy and narrow streets of the project area. These
scanners are more suitable for the documentation of landmarks. Thus, all buildings were
measured with a scan resolution of 15 mm at the object using the four HDS4500 scanners.
For data processing of the scanned point clouds, which includes registration, georeferencing
and segmentation of the point clouds, five licences of Cyclone 5Æ2 and four licences of
Polyworks 4Æ1 were used in the office.
For the scanning of the buildings, targets were used as control points for registration and
georeferencing of the scans from different scan stations as illustrated in Fig. 2 (right). The
targets consisted of black-and-white quartered discs with diameter 126 mm. To obtain centre
positions of the targets, the targets were automatically fitted in the point cloud after manual pre-
positioning using algorithms of the Leica Cyclone software.
Data Acquisition by Terrestrial Laser Scanning and Photogrammetry
Static Terrestrial Laser Scanning
The data acquisition by static terrestrial laser scanning started in September 2006. It was
soon found that in the special environment of the Historic Peninsula streets only the HDS4500
was able to function adequately. Furthermore, the registration of the point clouds of the ILRIS-
3D caused problems with tilted scans from the same scan stations, requiring matching with the
Table I. Major technical specifications (according to system manufacturers) of the terrestrial laser scanning
systems used.
Leica HDS4500 Leica HDS3000 Optech ILRIS-3D
Scan method Phase-based Pulsed Pulsed
Field of view [] 360 · 310 360 · 270 40 · 40
Scan distance <53Æ5 m <100 m <1500 m
Scanning speed £500 000 points/s £1800 points/s £2500 points/s
Angular resolution V/H 0Æ018 0Æ0034 0Æ001
3D scan precision 5 mm/50 m 6 mm/50 m 8 mm/100 m
Camera Add-on Integrated Integrated
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Iterative Closest Point (ICP) algorithm and needing initial values for its computation.
Consequently, the daily laser scanning was carried out with four, or sometimes with three,
HDS4500 instruments. Fig. 3 shows an example of a coloured point cloud of building façades
on the Historic Peninsula.
In general, a satisfactory spatial (geometrical) distribution of the targets on the object or
around the object was guaranteed for the required description of the detailed object. The
coordinates of all targets were determined by geodetic methods using total stations. The target-
based registration and georeferencing of the point clouds captured by the HDS4500 scanners
worked without any problems using the Cyclone software. The following method was adopted:
(a) registration of all scans and quality control of the result (check of residuals), and
(b) georeferencing using all control points including quality control by checking residuals.
Only 80 ha out of the total project area of 1500 ha was scanned within the first 6 months
using the existing production capacity, which indicated that the scanning for the entire area of
the project could occupy more than 8 years if the current scan rate of approximately 0Æ7 ha per
day could not be increased. It was obvious that the project deadline could not be met; therefore
it was decided to increase the production rate through the integration of a mobile system.
Mobile Terrestrial Laser Scanning
As a consequence, the scan progress was significantly increased in June 2007 by the
introduction of a mobile mapping van from the Swedish company VISIMIND AB (Fig. 4),
Fig. 3. Example of a coloured point cloud of building façades on the Historic Peninsula.
Fig. 4. Sensor configuration on the VISIMIND mobile mapping van.
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using a hybrid sensor system on the vehicle consisting of a terrestrial laser scanning system
HDS4500, supported by GPS/IMU and digital cameras. This hybrid sensor system is described
by Gajdamowicz et al. (2007) using similar equipment, while an early version of this sensor
system without laser scanner is described by Gajdamowicz et al. (2001). In an accuracy
evaluation using a testfield in Stockholm an accuracy of better than 10 cm (rms values for
all three coordinate axes) could be achieved for the mobile mapping system using 28 check
points as reference (Gajdamowicz et al., 2007). The sensor integration and the calibration
of the system in the streets of Istanbul took some weeks, but field data acquisition was under
way by the end of June 2007. The laser scanner’s orientation was fixed in the horizontal
direction, scanning only in the profile perpendicular to the direction of movement of the
vehicle. It was initially operated with 25 scan profiles per second, later improved to a speed
of up to 40 profiles per second (possible maximum according to the instrument specification:
50 profiles per second). The distance between neighbouring profiles was 2 to 3 cm at
the beginning, corresponding to a van speed during scanning of 0Æ5 to 0Æ75 m s)1 or 1Æ8 to
2Æ7 km h)1.
Because of problems with the reception of the GPS signal in the narrow streets of the
Historic Peninsula, control points were marked on the buildings every 5 m along each side of
the street (Fig. 5). Some targets were removed or destroyed before scanning (Fig. 5 right) and
were replaced by natural points such as window corners. Some targets were destroyed after
scanning but before the geodetic determination of the object coordinates; they also had to be
Fig. 5. Distribution of control points in the streets for mobile terrestrial laser scanning (left)
and destroyed target (right).
Fig. 6. Geometric problems from direct georeferencing of point clouds
(from left to right: swinging façade, misfit at block corner and deformation of a façade).
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replaced by natural points. The targets were emplaced by B_IMTAŞ staff (4 to 5 people), while
the determination of the target coordinates was performed by B_IMTAŞ staff and additional
subcontractors. B_IMTAŞ staff measured additional natural ground control points, well
distributed on the façades, in order to stabilise the in-house data processing of the mobile
mapping system, while the subcontractors only measured the targets themselves. Not all
control points were identified correctly in the point clouds, thus causing geometrical problems
for the direct georeferencing and some geometric deformation of the point clouds including
swinging or deformed building façades and misfit at block corners (Fig. 6). Nevertheless, the
technical parameters of the hybrid systems were optimised in the course of the job, through
recognition of these problems with the quality of the pre-processed point clouds.
For problematic façades where control points were missing, VISIMIND recently de-
veloped the ‘‘image tracking tool’’, an automatic photogrammetric bundle adjustment enabling
the bridging of longer distances without control points (Fig. 7). The procedure used is
described by Gajdamowicz et al. (2007). After calculation of approximate coordinates of the
sensors, in particular the coordinates of the camera and the laser scanner based on GPS/IMU
integration, the extraction and tracking of features or objects visible in the image sequence is
performed. The feature extraction is based on the Harris operator, while the automatic image
tracking is based on feature-based matching. After tracking, a validation of the extracted
features is carried out, which includes the elimination of blunders and the adding and tracking
of new features to obtain a uniform distribution of tracked points in image space. In the next
step, the approximate coordinates of all features tracked in the image sequences can be
computed as intersections to the directions of the laser point cloud assuming a known offset
between cameras and laser scanner. The correct coordinates of the tracked features in object
space and the correct image orientation can be computed thereafter in a least squares bundle
adjustment. Finally, the adjusted coordinates of the tracked points will be used to support the
inertial navigation and for correcting the laser scanning point cloud.
The speed of data acquisition increased significantly as a result of the introduction of the
VISIMIND mobile mapping system. By the end of August 2007, 33 blocks had been scanned
in 33 working days. Usually, scanning could be carried out from 6:30 a.m. until 2:00 p.m. on
6 days per week (Monday to Friday plus Sunday; Saturdays are simply too busy in the streets
of Istanbul). Thanks to this improvement, the laser scanning of the remaining 50 blocks using
the mobile system was finished by 8th November 2007 with the improved total production rate
Fig. 7. Image tracking tool for ‘‘problematic’’ façades without control points.
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of 600 m per hour, while post-processing of the multiple sensor data took until January 2008.
The production ratio was mainly about 1:10, that is 10 hours of post-processing were needed
per hour of scanning. In total, 12 operators of the laser scanning group were supporting the
post-processing of mobile mapping system data during the major processing phase. Because of
traffic restrictions and environmental conditions, approximately 2% of the area (30 ha) could
not be scanned using the mobile system. This remaining 2% of the total area would require
static laser scanning at the end of the project in order to complete the data acquisition and was
likely to take at least 2 months using all available instruments.
Digital Photogrammetry
For photogrammetric documentation of the building façades, pre-calibrated SLR cameras
(Nikon D70) with 14 and 28 mm lenses were used, as mentioned earlier. The images were
processed in combination with the static terrestrial laser scanning data. When the mobile
system was used for data acquisition, only the images of the integrated sideways-looking
oblique and horizontal cameras (Fig. 8) were used for mapping. The oblique camera is rotated
by approximately 34 upwards in relation to the lower (horizontal) camera, enlarging the
vertical field of view of the camera system to approximately 86, with the lowest part of the
field of view of the horizontal camera inclined down towards the street.
Mapping of Façades
The georeferenced point clouds from the laser scanning group were used for line mapping
of the façades at a plot scale 1:200. The point clouds were segmented using Cyclone software
before mapping (Fig. 9) to eliminate unnecessary points and to reduce the data volume to the
requested minimal portions for the mapping software.
This project required the generation of façade maps at 1:200 scale. This extreme demand
corresponds to a standard deviation of the positions of 0Æ2 mm in the map and 4 cm in the
object space, but this extreme accuracy is required only as relative accuracy; for absolute
Fig. 8. Oblique and horizontal camera integration in the mobile system (left), image taken by oblique camera
(right).
Kersten et al. Documentation of Istanbul Historic Peninsula by kinematic terrestrial laser scanning
 2009 The Authors. Journal Compilation 2009 The Remote Sensing and Photogrammetry Society and Blackwell Publishing Ltd.
accuracy a standard deviation of 0Æ5 mm in the map, corresponding to 10 cm in object space
should be sufficient. As a tolerance limit, 3 times the standard deviation has been accepted.
Therefore, the control point configuration and accuracy had always to be checked to obtain this
accuracy. While all problems of static and mobile scanning were solved, delay in the control
point determination did constitute a bottleneck in production.
The façade mapping group consists of 34 operators using 34 licences of the Z-MAP Laser
package from Menci Software (Arezzo, Italy), which is able to process laser scan data and
rectified photogrammetric images simultaneously for line mapping with limited AutoCAD
functionality. It was estimated that approximately 5 million m2 of façades have to be mapped.
The production rate was similar to the static laser scanning group: 80 ha with 32 operators in
approximately 6 months. In terms of façade area, a total of 81 000 m2 was completed in
39 days, which corresponds to 65 m2 per person per day. In the course of the project the
Fig. 9. Segmentation of a point cloud.
Fig. 10. Detailed mapping of a building façade based on laser scanning data and a photogrammetric image.
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production rate more than doubled, from 60 m2 of façade per day per operator in March 2007
on average, to 140 m2 by October 2007. The total of 5 million m2 of façade for mapping of the
Historic Peninsula as a whole would thus correspond to an estimated mapping time of
approximately 5 years with 34 operators working 210 days per year. This estimate indicated
that the mapping could not be finished before the deadline of the project.
For data processing in Z-MAP, all related data of the segmented part (point cloud, Nikon
image(s), camera calibration file) was saved in one directory using the name of the block plus a
suffix, for example, 900_01. This block name is defined in the cadastral map. The HP xw8200
workstations used were equipped with dual Xeon processors (3Æ6 GHz), 4 GB RAM and
NVIDEA graphic cards with 256MB RAM. For façade mapping the point cloud and one
oriented image of the façade were used. Thus, the orientation of the photogrammetric image
(usually recorded with the 14 mm lens) had to be determined by resection in space using at
least five well-distributed corresponding points (usually corners of windows) in the point cloud
and in the image. For the adjustment of the spatial resection the calibration data of the pre-
calibrated Nikon D70s were used. Usually the residuals of the control points were in the range
of some millimetres, which indicated that the results were satisfactory. To carry out mapping
with Z-MAP the images had to be rectified to the main plane of the façade. Therefore, the plane
was defined by more than three points, which were measured in the point cloud and in the
image. Thus, the photos were rectified to the main plane of the façades and shifted to parallel
planes based on the point clouds. Based on the dense point clouds from the Leica HDS4500
scanners, mapping was often possible without support from the photographs, using the point
cloud and its grey values as an image for interpretation. Nevertheless, the colour photos
provided substantial help, particularly for the detailed mapping of bricks and stones (see
Fig. 10) which represented a major obstacle to progress and significantly reduced the speed of
mapping. Unfortunately, the architects, the major clients, could not be convinced to use digital
orthophotos of the façades instead of the detailed maps at 1:200 scale. An example of the final
Fig. 11. Part of the final product from façade mapping using terrestrial laser scanning data and photogrammetric
images.
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product from façade mapping is depicted in Fig. 11, which is derived from 3D polylines as
illustrated in Fig. 12. At the time of writing, the mapping of the building façades has still not
been finished.
Roof Mapping
In early July 2007 a roof mapping group was established, in order to measure and model
in 3D the roofs of all buildings within the area of the Historic Peninsula project. A project team
of five operators started the new production line after 3 days of intensive training in mid-July
using the Z-MAP Photo software (Fig. 13). At first UltraCamD images with 30 cm ground
sampling distance (GSD) were used for data acquisition. Owing to the limited resolution of the
digital imagery it was very difficult for the operators to measure small roofs. As a rule of
thumb, mapping is possible up to 1:3000 map scale with 30 cm GSD, which was confirmed by
the tests made in this group (Topan et al., 2004). Thus it was decided to use higher resolution
imagery which became available in mid-August 2007, as scanned analogue colour aerial
images with 9Æ5 cm GSD. This photography was obtained using a Jenoptik LC0030 camera
(f = 305 mm) at a photo scale of 1:4500. The photos were scanned with a resolution of 21 lm
using a Zeiss SCAI scanner.
Fig. 13. 3D mapping of roofs using Menci Z-MAP Photo software in stereo mode.
Fig. 12. Mapped 3D polylines of façades of a building block.
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In this part of the project an essential quality-defining task was the combination of the two
different data-sets, from aerial imagery and mobile laser scanning systems, into one common
data-set in the same coordinate system without any discrepancies caused by the different data
acquisition sources. Therefore, the orientation of the aerial images was transformed to the same
datum and coordinate system as was used for the laser scanning data, in order to carry out the
mapping. The differences between façade corners and roof corners were mainly in the range of
18 to 112 cm (spatial 3D vector) for the accuracy investigations summarised in Table II. The
accuracy investigations were carried out at 11 test sites, which were well distributed over
the area of the Historic Peninsula. At each test site nine points in total were measured in three
blocks (three points each) to check the differences. These differences mainly represent
the effect of point definition—the extension of the eaves of each roof over the wall. In addition
the following error sources exist: effects from datum transformation, accuracy of the
orientation data, accuracy of the laser scanning data, identification of the roof corners in the
images, and the definition of the roof corner and façade corner (rain spout). The last two
sources for discrepancies (caused by measurement errors) have the biggest influence on the
accuracy of the merged data generated from two different sensor systems (terrestrial laser
scanning and aerial images). An example of the combination of 3D polylines of roofs from
aerial images and 3D polylines of façades from terrestrial laser scanning data is presented in
Fig. 14.
Fig. 14. Combination of data from two different sources: 3D polylines of roofs based on aerial images and 3D
polylines of façades from terrestrial laser scanning data.
Table II. Accuracy investigations—differences between 3D roof corners from roof mapping using aerial imagery
and from façade mapping using terrestrial laser scanning data at test sites of the Historic Peninsula.
Test site dx [cm] dy [cm] dz [cm] 3D vector [cm]
A )17Æ8 )42Æ6 11Æ1 47Æ5
B )0Æ6 )18Æ8 )22Æ9 29Æ6
C 53Æ7 )1Æ8 )11Æ1 54Æ9
D 35Æ5 )6Æ4 18Æ7 40Æ6
E 17Æ9 45Æ1 10Æ7 49Æ7
F )11Æ0 )14Æ6 )0Æ9 18Æ3
G 77Æ5 )54Æ9 5Æ3 95Æ2
H 21Æ8 109Æ2 3Æ9 111Æ5
I 63Æ8 16Æ4 )35Æ2 74Æ7
J 80Æ1 2Æ3 1Æ6 80Æ2
K 66Æ3 )13Æ9 42Æ3 79Æ9
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3D Modelling of City Model and Landmarks
The modelling group started simultaneously with the façade mapping to model landmarks
from laser scanning data. Therefore, the mapping group measured 3D polylines for the
landmark and these were used for 3D modelling with Autodesk 3ds Max software (Fig. 15).
Fig. 15. Photorealistic and detailed 3D model of the ‘‘German Fountain’’ (generated with Autodesk 3ds Max).
Fig. 16. Part of the 3D city model in LoD1 (block model generated from cadastral survey data).
Fig. 17. Part of the 3D city model in LoD2 (roof model generated by combining mapped roofs with the block
model).
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In December 2007 the group started to generate a 3D city model of the Historic Peninsula
as a ‘‘block model’’ (LoD1 = Level of Detail 1) using only cadastral survey data (Fig. 16) and
this work was finished after only 3 months. Currently, the modelling group is producing a more
detailed 3D city model (LoD2; see Fig. 17) by combining the block model with the roofs
mapped by the roof mapping group. A detailed description of the 3D modelling of the Historic
Peninsula is given by Buhur et al. (2008).
Conclusion and Outlook
In executing the Historic Peninsula Project, B_IMTAŞ was able to create a modern
production environment with high-end technology and well-trained personnel. This team
efficiently performed static and mobile terrestrial laser scanning for the entire area of the
Historic Peninsula within 15 months, with the greatest volume of data being scanned by the
mobile system within a 3-month period. In particular, the requirements of the project with
respect to quality and deadlines for data delivery drove the parameters for optimising the
production to ensure that a technical solution was always found for the requirement to increase
the speed of data acquisition. Thus, the change from static to mobile terrestrial laser scanning
for data acquisition significantly speeded up the scanning process.
B_IMTAŞ learned many lessons concerning project management and tuning of technology
to manage the requirements, so that the company is able to run similar projects elsewhere.
However, the keys for successful projects are still the highly educated and trained personnel,
who learned their skills by working for such a project as the Historic Peninsula, combined
with efficient project planning. Istanbul has been selected as one of the European Cultural
Capitals for 2010. Thus, many other projects will follow on from this one in the near future.
A request has already been received to create LoD1 and LoD2 products for the area
comprising the two sides of the lower part of the Bosporus and including approximately 15 000
buildings.
references
Barber,D.,Mills, J. and Smith-Voysey, S., 2008. Geometric validation of a ground-based mobile laser scanning
system. ISPRS Journal of Photogrammetry and Remote Sensing, 63(1): 128–141.
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Résumé
Bien que la presqu’ı̂le historique du vieil Istanbul ait été ajoutée à la liste du
patrimoine mondial de l’UNESCO dès 1985, la documentation complète de ce lieu
important n’a pas encore été entreprise. En 2006, la Direction de la Protection de
l’Environnement Historique de la municipalité du Grand Istanbul a lancé le Projet
Presqu’ı̂le Historique, qui couvre une zone de 1500 ha et inclut environ 48 000
bâtiments dans des rues très fréquentées et souvent étroites. B _IMTAŞ, un département
de la municipalité du Grand Istanbul, a immédiatement entrepris la documentation
de tous les bâtiments de la zone du projet par balayage laser terrestre. Il a donc fallu
relever le défi de mettre en place un environnement de production performant avec
des technologies de pointe pour répondre aux exigences de ce projet dans un délai
très court de deux ans. Ce papier décrit l’intégralité de l’environnement de
production pour la documentation de tous les bâtiments, et détaille les multiples
adaptations apportées au processus au gré des enseignements tirés de ce travail.
Bien que l’environnement d’acquisition de données et de cartographie ait été mis en
place pendant le processus de production, les solutions techniques ont dû être
optimisées afin de respecter les exigences de qualité et les délais de livraison.
Seulement 80 ha sur les 1500 ha attendus ont pu être couverts par balayage statique
pendant les six premiers mois, ce qui a contraint au remplacement du balayage
laser terrestre statique par un système mobile afin d’accélérer la production et de
finaliser la phase d’acquisition de la grande zone restant à couvrir, au bout de trois
mois.
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Zusammenfassung
Obwohl die historische Halbinsel von Istanbul seit 1985 zur Liste des UNESCO
Weltkulturerbes gehört, wurde bisher keine komplette Dokumentation dieses bedeu-
tenden Gebietes durchgeführt. Im Jahr 2006 initiierte die Denkmalschutzbehörde der
Stadtverwaltung von Istanbul das ‘‘Historic Peninsula Project’’, das eine Fläche von
1500 ha umfasst und ungefähr 48 000 Gebäude in überfüllten and vielfach engen
Strassen beinhaltet. B _IMTAŞ, eine Firma der Stadtverwaltung Istanbul, startete
umgehend die Dokumentation der gesamten Gebäude in dem Projektgebiet durch
terrestrisches Laserscanning. Dieses Projekt bedeutete eine große Herausforderung,
da eine effiziente Produktionsumgebung mit neuer High-End Technologie aufgebaut
werden musste, um die ehrgeizigen Projektanforderungen in einem sehr kurzen
Zeitrahmen von zwei Jahren erfüllen zu können. Dieser Beitrag beschreibt den
Aufbau der ganzen Produktionsumgebung zur Dokumentation des gesamten
Gebäudebestandes auf der historischen Habinsel, wobei regelmäßige Anpassungen
der technischen Prozesse durch ‘‘learning on the job’’ erforderlich waren. Obwohl
die Produktionsumgebung zur Datenerfassung und Kartierung erst im Laufe der
Projektbearbeitung aufgebaut wurde, war es immer sehr wichtig, die technischen
Lösungen laufend so zu optimieren, dass die Anforderungen an die Datenqualität und
die Abgabetermine erreicht werden konnten. Nur 80 ha der beauftragten 1500 ha
konnten mit dem statischen Laserscanning in den ersten sechs Monaten erstellt
werden, so dass eine Änderung der Aufnahmestrategie vom statischen zum mobilen
terrestrischen Laserscanning dringend notwendig war. Dadurch konnte die Daten-
erfassung entscheidend beschleunigt werden, so dass das Scannen des übrig
gebliebenen Großteils der Fläche innerhalb von drei Monaten abgeschlossen werden
konnte.
Resumen
Aunque la Penı́nsula Histórica del viejo Estambul fue incluida en la lista de
monumentos Patrimonio de la Humanidad de la UNESCO en 1985, no se ha
inventariado aún de forma completa esta importante área. En 2006 el Comité para la
Protección del Entorno Histórico del Área Metropolitana de Estambul puso en
marcha el Proyecto Penı́nsula Histórica que abarca un área de 1500 ha e incluye
unos 48 000 edificios en transitadas y estrechas calles. B _IMTAŞ, un departamento del
Área Metropolitana de Estambul, comenzó inmediatamente a documentar todos los
edificios incluidos en el área usando un escáner láser terrestre. Esto planteaba el
desafı́o de diseñar un eficiente entorno de trabajo con tecnologı́a punta para cumplir
con los requisitos del proyecto en el corto plazo de dos años. Este artı́culo describe el
entorno de trabajo para documentar los edificios, detallando las frecuentes
modificaciones del proceso realizadas sobre la marcha. Aunque la toma de datos y
el cartografiado se fueron definiendo a lo largo del proyecto, fue esencial optimizar
las soluciones técnicas para cumplir con los requisitos de calidad de datos y plazos
de entrega. Sólo se completaron 80 ha de las 1500 ha mediante un escaneado estático
en los primeros seis meses, lo que obligó a rectificar y continuar con un escaneado
móvil con láser terrestre para acelerar los trabajos en el resto del área y concluir
esta fase en tres meses.
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schen Laserscanners in ein
hydrographisches Multi-
Sensor-System für die kine-
matische Datenerfassung
über und unter Wasser
Integration of a Terrestrial Laser Scanning
System into a Hydrographical Multi-Sensor-
System for Kinematic Data Acquisition Above
and Below Water
1 Einführung
Dreidimensionale Geodaten sind digitale Informationen,
denen auf der Erdoberfläche und im Wasser eine be-
stimmte räumliche Lage zugewiesen werden kann. Diese
Geodaten bilden einen wesentlichen Teil des in der mo-
dernen Informations- und Kommunikationsgesellschaft
vorhandenen Wissens, das auf allen Ebenen in Verwal-
tung, Wirtschaft und Wissenschaft und vom Bürger zu-
nehmend benötigt wird. Sie bilden die Grundlage des pla-
nerischen Handelns und ihre Verfügbarkeit ist eine maß-
gebliche Voraussetzung für Standort- und Investitionsent-
scheidungen. Das führt zu einem stetig steigenden Bedarf
In diesem Beitrag wird die Integration eines terrestrischen
Laserscanningsystems (TLS) auf einem schiffs-basierten
Multi-Sensor-System zur simultanen Erfassung von 3D-Geo-
daten über und unter Wasser vorgestellt. Diese Systeminte-
gration und erste Erfahrungen mit diesem speziellen Multi-
Sensor-System sind in einer Zusammenarbeit zwischen der
HafenCity Universität Hamburg (HCU) und der Hamburg
Port Authority (HPA) entstanden. Dazu wurde in einem Pi-
lotprojekt der terrestrische Laserscanner Riegl VZ-400 auf
dem Vermessungsschiff „Deepenschriewer III“ der HPA ein-
gesetzt, um das System in typischen Anwendungsgebieten
der HPA zu testen. Als Testgebiet wurde der Grasbrookha-
fen nahe der neuen Hamburger Elbphilharmonie aufgenom-
men und mit Referenzdaten verglichen. Dabei konnte auch
gezeigt werden, wie das Sensorsystem nachträglich kali-
briert werden konnte, um so eine Genauigkeitssteigerung
der 3D-Daten zu erzielen.
Schlüsselbegriffe: Mobile Mapping, Sensorintegration, Sys-
temkalibrierung, terrestrisches Laserscanning
In this paper the integration of a terrestrial laser scanning
system (TLS) on a ship-based multi-sensor system for simul-
taneous 3D geo-data acquisition above and below water is
presented. This system integration and first experiences
with this special multi-sensor system are developed in a
co-operation between HafenCity University Hamburg
(HCU) and Hamburg Port Authority (HPA). Therefore,
the terrestrial laser scanner Riegl VZ-400 was used on the
surveying ship „Deepenschriewer III“ of HPA in a pilot pro-
ject, in order to test the mobile system in typical applications
of HPA. As a test area the Grasbrookhafen, which is close to
the new Hamburg Philharmonic Hall, was scanned with the
mobile system and compared with reference data from static
TLS. Finally, it could be shown, how subsequent system ca-
libration could eliminate systematic errors and increase the
accuracy of the 3D data.
Keywords: mobile mapping, sensor integration, system cali-
bration, terrestrial laser scanning
# 43209 / Hüthig / AVN Heft 6/2011 Artikel AVN cyan magenta yellow black
AVN 6/2011
an solchen Geodaten, wodurch hohe Anforderungen an
die effiziente Erfassung (aktuelle und kostengünstige Da-
ten) und umfängliche Verfügbarkeit (schnell, einfach, flä-
chendeckend und großmaßstäblich) gestellt werden. Da-
her bieten sich für eine effiziente 3D-Datenerfassung mo-
bile Sensorsysteme (Mobile Mapping Systeme) in der
Luft (Flugzeug, Helikopter), auf dem Land (Fahrzeug)
und auf dem Wasser (Schiff) an.
In diesem Beitrag wird ein mobiles Multi-Sensor-System
auf einemVermessungsschiff imHamburger Hafen vorge-
stellt, mit dem simultan über und unter Wasser 3D-Geo-
daten erfasst wurden. Dabei steht die Integration eines ter-
restrischen Laserscanningsystems (TLS) in ein schiff-ba-
siertes Multi-Sensor-System, das mit Navigations- und
hydrographischen Sensoren ausgestattet ist, im Vorder-
grund. Diese Systemintegration und die Erfahrungen
mit diesem speziellen Multi-Sensor-System sind in einer
Zusammenarbeit zwischen der HafenCity Universität
Hamburg (HCU) und der Hamburg Port Authority
(HPA) entstanden. Dazu wurde in einem Pilotprojekt
der terrestrische Laserscanner Riegl VZ-400 auf dem Ver-
messungsschiff „Deepenschriewer III“ der HPA einge-
setzt, um das System in typischen Anwendungsgebieten
der HPA zu untersuchen und zu testen.
2 Mobile Multi-Sensor-Systeme
MobileMulti-Sensor-Systeme werden schon seit fast zwei
Jahrzehnten in Flugzeugen und auf Fahrzeugen einge-
setzt. Gerade die Mobile Mapping Fahrzeuge mit integ-
rierten terrestrischen Laserscannern haben sich in den
letzten fünf Jahren auf dem Markt erfolgreich etabliert.
Wenn terrestrische Laserscanner auf mobilen Plattformen
(Fahrzeug, Schiff, Eisenbahn, etc.) im Profilmodus scan-
nen, spricht man auch vommobilen Laserscanning. So be-
richten u. a. verschiedene Autoren über den land-basierten
Einsatz solcher Aufnahmesysteme in verschiedenen Län-
dern: TALAYA et al. (2004), GAJDAMOWICZ et al. (2007),
GRÄFE (2007), KREMER & HUNTER (2007), GANDOLFI et
al. (2008), KERSTEN et al. (2009). In den letzen Jahren hat
man das Potential terrestrischer Laserscanner auch für hy-
drographische Anwendungen auf Multi-Sensor-Schiffen
erkannt. ALHO et al. (2009) berichten vom Einsatz eines
terrestrischen Laserscanners auf einem Boot zur Vermes-
sung von Flüssen in Finnland, während VAN RENS et al.
(2007) den Einsatz eines Riegl LMS-Z420i in Kombina-
tion mit RTK-GPS und einem Applanix Inertialsystem
POS MV 320 im Hafen von Norfolk (Virginia, USA) be-
schreiben. BÖDER et al. (2010) stellen die erste Sensorin-
tegration von zwei terrestrischen Laserscannern (Z+F
IMAGER 5006i und Riegl VZ-400) auf zwei verschiede-
nen Schiffen für Tests im Hamburger Hafen vor, während
STUDNICKA (2011) den Einsatz des Riegl VMX-250 Mo-
bile Laser Scanning Systems auf einem Boot zur Erfas-
sung der Paläste am Canal Grande in Venedig präsentiert.
Moderne Multi-Sensor-Systeme auf einem Schiff können
heute wie folgt ausgestattet sein (Abb. 1): Terrestrische
Laserscanner zur 3D-Datenerfassung über Wasser, Fäche-
recholot zur Strukturerfassung unter Wasser, GNSS zur
kinematischen Positionsbestimmung von Laserscanner
und Echolot und Inertiale Messeinheit (IMU) zur Bestim-
mung der Lagewinkel und zur Stützung von GNSS. Die
Raumvektoren zwischen den einzelnen Sensorsystemen
im Schiffskoordinatensystem werden durch geodätische
Messverfahren bei Installation des Systems sehr genau be-
stimmt. Basierend auf der Positionsbestimmung der
GNSS-Antenne werden die Messungen des Laserscanners
und des Fächerecholots mit Hilfe der Lagewinkel und der
Raumvektoren in das übergeordnete Koordinatensystem
transformiert.
3 Sensorintegration des terrestrischen
Scanners Riegl VZ-400
Laserscanner lassen sich im Prinzip bezüglich der Integ-
ration in ein hydrographisches Multi-Sensor-System ähn-
lich behandeln wie Fächerecholote. In der hydrographi-
schen Aufnahmesoftware QINSy wurde eine Schnittstelle
für den Riegl VZ-400 erstellt, so dass die Daten an Bord
der „Deepenschriewer III“ mit Fächerecholotdaten fusio-
niert werden können. 3D-Position und Lagewinkel wer-
den über den inertialen Sensor IXSEA HYDRINS (Hea-
ding (1r) 0.034  (abhängig von der geographischen
Breite in Hamburg: 54 ), Roll/Pitch (1r) 0.01 ) in
Kombination mit einem GNSS-Empfänger TRIMBLE
SPS851H (Zephyr 2 Antenne, Korrekturdaten vom Dienst
Trimble VRS-NOW) bereitgestellt. Das eingesetzte Fä-
cherecholot Reson Seabat 8101 besitzt folgende techni-
schen Daten: 101 Beams (akustisches Signal), 150  Fä-
cherbreite, Messrate bis 40 Hz, Reichweite 300 m, 1.5 
Beamöffnung, Punktabstände 0.5m@20m / 1.3m@50m.
Die Objektkoordinaten werden in Echtzeit in der Software
QINSy bestimmt und angezeigt. Folgende Aspekte müs-
sen bei der Sensorintegration berücksichtigt werden: (a)
Zeitsynchronisierung aller beteiligten Sensoren, (b) On-
line & Offline Datenfusion zu georeferenzierten Punkt-
wolken, (c) Bestimmung der Lagewinkeloffsets aller Sen-
soren zueinander und (d) Beseitigung von restlichen sys-
tematischen Einflüssen.
Abb. 2 zeigt den Aufbau des Systems auf dem Dach der
„Deepenschriewer III“. GNSS-Antenne, IMU und TLS
wurden längs der Schiffsachse in einem Abstand von je-
weils 30 cm auf einer Platte montiert. Die unmittelbare
Abb. 1: Schematischer Überblick über die eingesetzten Sen-
soren an Bord eines Vermessungsschiffes (BöDER 2010)
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Nähe der Sensoren zueinander reduziert mögliche Fehler-
einflüsse bei der geodätischen Einmessung der Sensoren
in das Schiffskoordinatensystem und bei der Fusion der
Messdaten. Ein detaillierte Beschreibung des Vermes-
sungsschiffes und der eingesetzten Sensoren ist in BöDER
et al. (2010) und in THIES (2011) zu finden.
4 Systemkalibrierung
Nach der geodätischen Einmessung der Sensoren erfolgt
die Verknüpfung der Sensoren an Bord zu einem integrier-
ten System über LAN, RS-232 und USB-Verbindungen.
Die Zeitsynchronisation wird über einen PPS-Puls reali-
siert, der von den an Bord befindlichen GNSS-Sensoren
generiert werden kann. In der an Bord installierten Soft-
ware QINSy ist ein Treiber für den Riegl VZ-400 integ-
riert, so dass eine Einbindung problemlos möglich ist. Die
Lagewinkeloffsets werden durch verschiedene Scandaten
von markanten Gebäuden (Abb. 3) und Molen (Abb. 5) in
QINSy bestimmt, in dem in zwei aufgenommenen Profi-
len (hin und zurück) Kanten und Flächenmit einander ver-
glichen werden.
So wurden am Getreideterminal in Hamburg (Rethe) die
Lagewinkeloffsets für Roll & Pitch bestimmt (Abb. 3).
Bei einer senkrecht stehenden Mauer verursacht ein Feh-
ler bei der Kalibrierung des quer zur Kursrichtung wirken-
den Rollens (Roll) eine Neigung der Mauer ebenfalls quer
zur Fahrtrichtung. Analog wirken sich Fehler des in
Längsrichtung des Schiffes wirkenden Stampfens (engl.
pitch) aus. Nach Anbringen der Kalibrierparameter kön-
nen die Effekte bereits in Echtzeit weitgehend eliminiert
werden, wie in Abb. 4 ersichtlich ist.
An einer Mole nahe der Schiffliegeposition wurde der La-
gewinkel Heading (Kurs) korrigiert. Das Ergebnis zweier
Profilmessungen in unterschiedlicher Entfernung von der
Mole ist in Abb. 5 zusammengefasst. Der Vergleich der
Profile zeigt signifikante Lagewinkeloffsets, die nachträg-
lich aus Scandaten bestimmt wurden.
Abb. 2: Installation des TLS Riegl
VZ-400 an Bord der „Deepenschrie-
wer III“.
Abb. 3: Lagewinkel-Kalibrierung (Roll & Pitch) am Getrei-
determinal Hamburg (Rethe) durch Vergleich verschiedener
Scandaten (Profil 1 & Profil 2). Die Lagewinkeloffsets wur-
den zur Verdeutlichung wesentlich vergrößert.
Abb. 4: Ergebnis der Lagewinkel-
Kalibrierung (Roll & Pitch) am
Getreideterminal Hamburg (Rethe)
anhand verschiedener Scandaten
(Profil 1 & Profil 2).
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5 Genauigkeitsuntersuchungen
Um systematische Effekte in den kinematisch aufgenom-
menen Laserscanningdaten zu detektieren, wurden drei
Profile im Grasbrookhafen in der Hamburger HafenCity
als Testdaten aufgenommen. Das Aufnahmegebiet ist in
Abb. 6 veranschaulicht, wobei der nördliche und der öst-
liche Bereich des Grasbrookhafens jedoch heute schon
voll bebaut und in Nutzung sind. Der Hafenbecken ist
in Ost-West etwa 450 m lang und in Nord-Süd-Richtung
60 m bis 110 m breit. Die „Deepenschriewer III“ fuhr
etwa 20 m vom Ufer entfernt, um auch die Kaianlagen
bis zurWasserlinie mit aufnehmen zu können. Drei Profile
wurden nacheinander aufgenommen und analysiert: Zwei
Profile beginnen am südlichen Ufer von West nach Ost
und führen am nördlichen Ufer von Ost nachWest zurück.
Das dritte Profil beginnt am nördlichen Ufer von West
nach Ost und endet am südlichen Ufer mit einem Ost-
West-Profil. Mit den Bezeichnungen A und B sind in
der Abb. 7 Untersuchungsstellen markiert, auf die im Fol-
genden näher eingegangen wird.
Bei der Markierung A ist ein Bauzaun aufgenommen wor-
den (siehe Abb. 8). Die seitlichen Rahmen der Elemente
bestehen aus 4 cm dicken Rohren, die oberen und unteren
Rahmen aus 2,5 cm dicken Rohren. Der Bauzaundraht hat
eine Dicke von 3 mm und ist in 10 cm  25 cm-Recht-
ecken aufgebaut. Der Bauzaun ist in allen Profilen deut-
lich identifizierbar, auch ein Teil der dünnen Drähte sind
gut zu erkennen. Der Vergleich der Koordinaten, die für
diesen Bauzaun ermittelt wurden, ergab, dass die Ergeb-
nisse der West-Ost-Profile 1 und 3 in Lage und Höhe in
etwa um 1-2 cm voneinander abweichen. Dies ist ein sehr
gutes Ergebnis, die Unterschiede sind in den Darstellun-
gen kaum zu definieren. Das Ost-West-Profil 2 weicht da-
gegen aber in der Lage um 7 cm und in der Höhe um 5 cm
von den West-Ost-Profilen ab.
Diese Abweichungen konnten auch am nördlichen Ufer in
Abb. 9 nachgewiesen werden. Hier wurden Analysen so-
wohl an einer zurückliegenden Hausfront und in der Kai-
mauer durchgeführt, die jeweils vergleichbare Ergebnisse
(7 cm in der Lage, 4 cm in der Höhe) mit dem Südufer
Abb. 5: Lagewinkel-Kalibrierung
(Heading) an einer Mole durch
Vergleich verschiedener Scandaten
(Profil 1 & Profil 2) mit unterschied-
lichen Abständen und Ergebnisse der
Kalibrierung.
Abb. 6: Schrägansicht des Grasbrookhafens in der Hambur-
ger HafenCity im veralteten Luftbild mit Gebäuden in Goo-
gle Earth
Abb. 7: Erfasste Scandaten (farblich
höhenkodierte Darstellung) vom
Grasbrookhafen mit Testgebieten A
und B.
Abb. 8: Genauigkeitsanalysen anhand eines Bauzauns
(Mitte) am südlichen Ufer des Grasbrookhafens (Marke A
in Abb. 7) zeigen Abweichungen in der Lage von ca. 7 cm
(links) und in der Höhe von ca. 4-5 cm (rechts) beim Ver-
gleich zweier Profile mit entgegengesetzter Fahrtrichtung.
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ergaben. Die Koordinaten des abweichenden Profils 2 la-
gen stets weiter vom Schiff entfernt, so dass von einer
Systematik ausgegangen werden muss. Dies kann bei-
spielsweise durch eine Abweichung in der Einmessung
der Sensoren an Bord um 3,5 cm quer zur Längsrichtung
des Schiffes verursacht worden sein, was durch Postpro-
cessing der Daten in der Software QINSy kalibriert wer-
den kann.
Die Abweichung der Lagewinkelbestimmung bzw. eine
ungenau kalibrierte Ausrichtung der Sensorachsen zuei-
nander wurden durch den Vergleich langer linearer Struk-
turen längs zur Fahrtrichtung in unterschiedlichen Entfer-
nungen zum TLS wie in Kapitel 4 beschrieben analysiert.
Dabei konnten die Lagewinkeloffsets bestimmt und kor-
rigiert werden (siehe Abb. 3–5).
Für weitere Genauigkeitsaussagen wurden Referenzdaten
herangezogen. Die Gebäudereihe im nördlichen Gras-
brookhafen wurde mit dem Riegl VZ-400 von der gegen-
überliegenden südlichen Seite von drei verschiedenen
Scannerstandpunkten aufgenommen. Die Aufnahmezeit
für das statische Scanning betrug ca. 5 Stunden, während
ein Profil vom gesamten Grasbrookhafen innerhalb von
15 Minuten aufgenommen wurde. Die Entfernung des
Scanners zu ausgewählten Testobjekten lag zwischen
90–150 m, während das Schiff bei der Aufnahme nur
35–65 m von diesen Objekten entfernt vorbeifuhr. Beim
Vergleich von Flächen an Gebäuden wurde nur eine Dif-
ferenz von 1 cm zwischen den Referenzdaten und den
mobil erfassten Scandaten festgestellt. Gerade in den un-
teren Bereichen der Gebäude passten beide Datensätze so-
mit recht gut zusammen. Allerdings sind kleinere höhen-
abhängige systematische Effekte sichtbar. Diese werden
insbesondere bei Gebäudehöhen ab 30 m sichtbar, dort
schwingen die mobilen Daten deutlich um die Referenz-
daten.
Um diese systematischen Bewegungseffekte genauer un-
tersuchen zu können, wurde mit dem Gebäude Docklands
im Hamburger Fischereihafen ein passendes Testobjekt
vom Multi-Sensor-Schiff aus gescannt (Abb. 10).
Bei der Analyse der Scandaten zeigten sich in den hori-
zontalen Gebäudelinien wiederum die schwingenden Be-
wegungseffekte, die durch systematische Artefakte aus
den Bewegungsdaten verursacht werden (Abb. 11 links
oben). Dabei stellte sich heraus, dass ein Zeitfehler in
einem verwendeten Protokoll der Bewegungsdaten der in-
ertialen Messeinheit IXSEA HYDRINS von +25ms vor-
lag, der nach Überprüfung durch den Hersteller bestätigt
wurde. Aufgrund der Schiffsdynamik wirkt sich dieser
Fehler insbesondere auf den Rollwinkel und damit auf
die Höheninformation bei Aufnahme des Gebäudes aus.
Nach Korrektur der falschen Zeitsynchronisierung lagen
die anschließend korrigierten Gebäudedaten ohne offen-
sichtlichen systematischen Fehler vor, wie in der
Abb. 11 (rechts oben) dargestellt ist. Die Restklaffungen
der Höheninformationen wurden dadurch signifikant re-
duziert.
6 Anwendungsbeispiele
Die Systemintegration und -erweiterung durch einen ter-
restrischen Laserscanner an Bord eines Vermessungs-
schiffes vergrößert das Anwendungsspektrum des Ver-
messungsschiffes. Potentielle Anwendung ist beispiels-
weise die Ergänzung der hydroakustisch gewonnenen ba-
thymetrischen Daten in Uferbereichen durch Laserscan-
ning und damit tideunhängigere Arbeit. In Verbindung
mit dem simultanen Einsatz eines hochauflösenden Fä-
Abb. 9: Genauigkeitsanalysen an der Kaimauer (Marke B in
Abb. 7) zeigen Abweichungen in der Lage von ca. 7 cm (Pfeil
links unten) und in der Höhe von ca. 4–5 cm (Pfeil links
oben) beim Vergleich zweier Profile mit entgegengesetzter
Fahrtrichtung.
Abb. 10: Testobjekt Docklands im Hamburger Fischereiha-
fen.
Abb. 11: Genauigkeitsanalysen am
Testobjekt Docklands: schwingende
Linien in den Originaldaten (links
oben) und gerade Linien in den kor-
rigierten Daten (rechts oben). Dar-
stellung der originalen und der zeit-
korrigierten Rollwerte (unten).
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cherecholots können Hafen- und Uferbauwerke wie
Spundwände, Kaimauern, Böschungen, Vorsätze, Hoch-
wasserschutz-Wände und anderes regelmäßig über und
unter Wasser überwacht werden. Eine flächendeckende,
kontinuierliche Erfassung der topographischen Hafenbe-
standsdaten im Gewässerbereich inklusive Betonnung
und Dalben ermöglicht die Erstellung eines 3D-Hafenmo-
dells. Das mobile Laserscanning auf dem Schiff erlaubt
eine einfache Vegetationskartierung an Uferbereichen.
Durch die Erzeugung von „Lichtraumprofilen“ in Brük-
kendurchfahrten und bei Oberleitungen wird die nautische
Verkehrssicherheit erhöht (Abb. 12). Durch Aufnahme
von 3D-Daten mit einem terrestrischen Laserscanner
auf einem Schiff wird die Beweissicherung bei z.B.
Schiffshavarien unterstützt. Die Beobachtung von
Schiffsdynamiken wie zum Beispiel die Bestimmung
des Trimmverhaltens (squat und settlement) stellt eine
weitere mögliche Anwendung dar.
7 Fazit & Ausblick
In diesem Beitrag wurde eine erfolgreiche Integration
eines terrestrischen Laserscanningsystems (Riegl VZ-
400) in das Multi-Sensor-Messschiff „Deepenschriewer
III“ vorgestellt. Dabei erfolgte die Kombination von
TLS, Fächerecholot und inertialer Messeinheit problem-
los durch Zeitsynchronisation mit einem PPS-Puls über
GNSS in der hydrographischen Aufnahmesoftware QIN-
Sy. Es hatte sich jedoch bei den durchgeführten Tests mit
dem Multi-Sensor-System gezeigt, dass trotz präziser
Sensoreinmessung eine Systemkalibrierung für genaues
mobiles Scanning erforderlich ist, um anschließend er-
fasste Daten online verarbeiten zu können. Mit diesem
System sind hohe Messgenauigkeiten (besser als 2cm
für die Objektpunktbestimmung) auch bei hohenMessent-
fernungen möglich, wenn inertiale Messsysteme mit
höchster Genauigkeit wie der IXSEA HYDRINS einge-
setzt werden. Damit stellen solche Multi-Sensor-Systeme
ein hohes Potential für viele Anwendungen in Häfen dar.
Der Riegl VZ-400 wurde bereits auch erfolgreich in das
System an Bord des HCU-Vermessungsbootes Level-A
integriert. Weitere Untersuchungen werden nach Senso-
rintegration einer genaueren IMU von iMAR (iNAV-
RQH-1003) in das Schiff folgen. Dabei wird auch geprüft,
in wie weit 3D-Objekte aus solchen mobilen Laserscan-
ningdaten effizient modelliert werden können.
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Auflösung  Datensatz # Dreiecke # MByte Reduktionsfaktor 
Hoch  100,0% 8.501.538 940,0 1 
Niedrig  11,0% 945.093 99,7 9 
Sehr niedrig  1,2% 100.000 12,4 83 
Der Arbeitsablauf von der Objektaufnahme über den Datenimport, den Bildorientierungen und der 
Kamerakalibrierung, der Berechnung der dichten Punktwolke, der Dreiecksvermaschung und der 
Texturierung läuft in der Software Agisoft PhotoScan weitestgehend automatisch ab. Lediglich die 
Bildmessungen von signalisierten Passpunkten und/oder Maßstäben sowie die Segmentierung und 
Filterung der Punktwolke erfolgt noch mit geringem manuellem Eingriff durch den Operateur. Damit 
steht eine sehr effiziente und kostengünstige Methode zur 3D‐Objekterfassung und Modellierung zur 
Verfügung. Neben den bereits erwähnten Softwarepaketen Agisoft PhotoScan und Pix4Dmapper 
drängen auch andere Softwarelösungen wie SURE von nframes (http://www.nframes.com/), aSPECT 
3D von Arctron (http://aspect.arctron.de/de/) und RealityCapture von Capturing Reality 
(https://www.capturingreality.com/) im Bereich der bildbasierten Aufnahme‐ und Auswerteverfah‐
ren auf dem Markt. Sie stehen nun damit in Konkurrenz zum terrestrischen Laserscanning und art‐
verwandten Aufnahmeverfahren. 
Zusammenfassend kann festgehalten werden, dass heute durch das terrestrische Laserscanning, ob 
im statischen oder kinematischen Modus, 3D‐Punktwolken generiert werden können, die je nach 
Entfernung zum Objekt unter guten Bedingungen eine absolute 3D‐Punktgenauigkeit von einem Zen‐
timeter oder besser erreichen. 3D‐Handscanner ergänzen das TLS sehr gut, um Zwischenräume oder 
sehr beengte Räume (z. B. Abstellkammern oder Toiletten) mit einer 3D‐Punktgenauigkeit von weni‐
gen Millimetern oder besser aufzunehmen. Dabei wird vorausgesetzt, dass diese Systeme vorab kali‐
briert sind und somit Maßstabsprobleme durch eine mögliche instabile Bauweise kompensieren kön‐
nen. High‐end handgeführte 3D‐Scanner wie der Creaform HandySCAN 700 erreichen 3D‐Punkt‐
genauigkeiten von besser als 30 Mikrometer, was sogar für viele Anwendungen in der Industrie (Re‐
verse Engineering, Prototyping, Qualitätskontrollen in der Fertigung, etc.) ausreicht. Bei photogram‐
metrischen Verfahren, die mit Bildsequenzen arbeiten, hängt die 3D‐Punktgenauigkeit vom Bildmaß‐
stab, von der Auflösung und der geometrischen Stabilität der verwendeten Kameras und vom Ober‐
flächenmaterial und ‐farbe ab. Die Genauigkeiten des terrestrischen Laserscannings bei großen Ob‐
jekten, wie Gebäude und sogar fast von Streifenprojektionssystemen bei kleineren Objekten, sind mit 
diesen Verfahren erreichbar. 
Aus den hohen Genauigkeiten, die mit den verschiedenen Aufnahmeverfahren erzielt werden kön‐
nen, ist es leider nicht immer möglich, die gleiche Genauigkeit für die Objektrekonstruktion aus 
Punktwolken abzuleiten. Je nach Modellierungsart (CAD/Engineering Modelling oder Dreicksverma‐
schung/Mesh Modelling) werden weitere Fehler bei der Objektrekonstruktion hinzukommen. Grund‐
sätzlich wird die Genauigkeit durch das geforderte Endergebnis festgelegt. Dementsprechend wer‐
den die Aufnahmeparameter für das einzusetzende Messverfahren festgelegt. Welche Aufgabe und 
welche Anforderungen müssen erfüllt werden? a) Bei der As‐Built‐Dokumentation sind die exakten 
Maße mit einer hohen Genauigkeit gefragt, b) beim Bauaufmaß bzw. bei 2D‐Plänen für Architekten, 
Denkmalpfleger und Bauforscher richtet sich die Genauigkeit nach den Genauigkeitsstufen I‐IV ge‐
mäß Eckstein (1999) (Tab. 6.2), die sich heute manchmal noch nach dem Plot‐Maßstab der 2D‐Pläne 
richten, c) bei 3D‐Gebäudemodellen sind auch für die Integration in ein Stadtmodell eher geringe 
Datenmengen mit einer geringer Genauigkeit (±10 cm) gefragt und d) für die Visualisierung von ent‐
sprechend großen und kleinen Objekten spielt eine hohe Genauigkeit keine große Rolle, auch wenn 
Objektdetails erwünscht sind.  
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Wie bereits erwähnt erfolgt bei der CAD‐Modellierung oft eine Generalisierung der konstruierten 
Daten, um geringe Datenmengen zu produzieren, d. h. Gebäude werden z. B. rechtwinklig konstruiert 
und gekrümmte Flächen werden eingeebnet, während bei der Dreiecksvermaschung eine exakte 
Oberflächenbeschreibung je nach Punktdichte und Messrauschen oft auch mit dem Nachteil erhöh‐
ter Datenmengen erfolgt. 
Tabelle 6.2: Genauigkeitsstufen für das Bauaufmaß nach Eckstein (1999), Zusammenstellung übernommen aus 
https://de.wikipedia.org/wiki/Bauaufmaß. 
Genauig‐
keitsstufe 
Inhalt  Maßstab  Messgenauigkeit
I 
Schematisches Aufmaß 
ohne hohe Anforderungen an die maßliche Genauigkeit und ohne Darstel‐
lung von Bauschäden /Verformungen; auch als ungefähr maßstäbliche 
Freihandzeichnung. 
1:100 
ungefähre Maßstäb‐
lichkeit 
II 
Annähernd wirklichkeitsgetreues Aufmaß
einschließlich richtig proportionierter Darstellung des konstruktiven Auf‐
baus sowie grober Verformungen.
1:50 oder 
1:100 
± 10 cm bezogen auf 
das Gesamtgebäude
III 
Verformungsgetreues Aufmaß
einschließlich Erfassung von Bauschäden sowie Spuren früherer Bau‐
zustände (z. B. vermauerte Öffnungen, Reste von Gewölbeansätzen etc.).
1:50  ± 2,5 cm 
IV 
Verformungsgetreues Aufmaß mit detaillierter Darstellung
einschließlich Erfassung kleinster Details (in der Regel für hochwertige 
Denkmalobjekte und wissenschaftliche Bauforschung).
1:25 oder 
größer 
± 2 cm oder genau‐
er, je nach Maßstab
3D‐Punktwolken aus terrestrischem Laserscanning und aus bildbasierten Verfahren bilden heute die 
Grundlage für viele 3D‐Objektmodellierungen im CAD. Auch für Virtual Reality Anwendungen steigt 
zukünftig die Nachfrage nach texturierten 3D‐Modellen, die aus Punktwolken terrestrischer Laser‐
scanner oder bildbasierter Verfahren generiert werden können. Aus den Punktwolken werden CAD‐
Volumenmodelle konstruiert, die anschließend in einer Visualisierungssoftware wie 3D Studio Max 
texturiert werden, um sie dann in eine Game Engine zu transferieren. In der Game Engine können die 
Modelle als immersives Erlebnis mit einer VR‐Brille, wie der neuen HTC Vive, in 3D angeschaut und 
sich entsprechend in den Daten bewegt bzw. navigiert werden. Erste VR‐Anwendungen, in denen 
sich ein oder mehrere Besucher gleichzeitig in Modellen navigieren können, wurden an der HafenCity 
Universität Hamburg bereits aus Punktwolken erstellt. Dazu gehören das Virtuelle Museum des Alt‐
Segeberger Bürgerhauses von innen und außen (Kersten et al. 2017b), die Selimiye Moschee in Edir‐
ne von innen und außen (Kersten et al. 2017a) sowie das Holzmodell des Salomonischen Tempels aus 
dem Museum für Hamburgische Geschichte konstruiert (Kersten et al. 2017c).  
Abschließend lässt sich zusammenfassen, dass die Innovationen und technologischen Entwicklungen 
bei der Hardware terrestrischer Laserscanner und 3D‐Handscanner rasant weitergehen. Terrestrische 
Laserscanner haben sich zu Multi‐Sensor Systemen entwickelt. Die Entwicklungen in der Software 
kommen jedoch den technischen Systementwicklungen nur sehr langsam hinterher, d.h. vollauto‐
matische Aufnahme und Auswertung auf Knopfdruck sind für den gesamten Workflow bis zu einem 
CAD‐Endprodukt heute immer noch nicht realisiert, da die Objekte vielfach zu komplex sind. Die bild‐
basierten Verfahren erfordern heute immer noch Expertenwissen bei der Sensorwahl, Aufnahmekon‐
figuration und Systemkalibrierung, wenn man qualitativ hochwertige Resultate bzw. Produkte erzeu‐
gen möchte. Hier ist die Diskrepanz zwischen Hardware‐ und Softwareentwicklung nicht ganz so groß 
wie bei den scannenden Systemen, da die Softwareentwicklung in den letzten Jahren gegenüber 
einer eher stagnierenden Kameraentwicklung deutlich aufgeholt hat. Dennoch wird es nach Auffas‐
sung des Verfassers in den nächsten zehn Jahren keine Lösungen geben, die eine automatische Ge‐
nerierung von CAD‐basierten 3D‐Volumenmodellen aus 3D‐Punktwolken ermöglichen. 
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